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           Abstract 
LEE FRANK LANGER: The Role of SOX2 in the Development of the Optic 
Cup, Hypothalamus and Secondary Palate 
               (Under the direction of Larysa H. Pevny, PhD) 
 
SOX2 is a HMG domain-containing transcription factor expressed in all 
neural progenitor cells of the developing and adult nervous system. Several 
critical properties of neural progenitors, including the ability to self-renew and 
pluripotency, depend on Sox2 function. SOX2 haploinsufficient humans exhibit 
abnormalities in tissues that derive from the neural ectoderm and in several facial 
structures. Previous models of this disorder have been limited in their descriptive 
ability. The generation of mice hypomorphic for Sox2 (Sox2HYP) has allowed an 
analysis of Sox2 function in an environment in which its dosage is constitutively 
lower. A previous study of these mice confirmed their value as a model for SOX2 
haploinsufficiency but was limited to later developmental stages; it is therefore 
unknown (i) what developmental events lead to the observed phenotypes and (ii) 
whether these mice exhibit other abnormalities observed in cases of SOX2 
haploinsufficiency (Taranova, et al., 2006). Therefore, this thesis was undertaken 
with the following hypotheses: (i) mouse embryos that are hypomorphic for 
Sox2 (Sox2HYP) will exhibit early ocular, neural, and craniofacial defects that 
are consistent with the phenotypes that are observed in humans with SOX2 
haploinsufficiency, and (ii) the molecular analyses of these developing tissues 
 iv 
and structures in the Sox2HYP mouse embryo will provide information 
regarding the specific function of Sox2 in the development of the brain and 
eye. 
It was found that prior to E10.5, Sox2HYP optic primordia do not exhibit 
altered proliferation or apoptosis; however, abnormal neural retina pattering is 
observed at E10.5. Furthermore, the optic stalk is hypoplastic, exhibits increased 
apoptosis, and contributes to an abnormal OC orientation. 
Also observed was an abnormal broadening of the posterior prechordal 
floor, a defect encompassing the tuberal hypothalamus and characterized by 
abnormal expression of genes within the sonic hedgehog (Shh) signaling pathway.  
This work also illustrates Sox2’s participation in secondary palatal 
development, specifically in the development of the palatal shelves. The palatal 
abnormality presents at E14.5, affects approximately two-thirds of Sox2HYP pups, 
and likely does not result from retrognathia. 
Overall, the tested hypotheses have been proven, providing important  
regarding SOX2 haploinsufficiency-related defects that involve the eyes, brain, 
and secondary palate. 
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     Chapter 1 
 
     INTRODUCTION 
The aim of this thesis research was to address the hypotheses that (i) Sox2HYP 
embryos will exhibit early ocular, neural, and craniofacial defects that are consistent with 
the phenotypes that are observed in humans with SOX2 haploinsufficiency and (ii) that 
the molecular analyses of these regions in the Sox2HYP mouse embryo will provide 
information regarding the specific function of Sox2 in the development of the brain and 
eye. These hypotheses were addressed by morphologically and molecularly 
characterizing various aspects of the development of the eye, hypothalamus and 
secondary palate in mice that are hypomorphic for the gene that encodes Sex-
Determining Region Y (SRY)-Box 2 (SOX2) (Sox2HYP). 
As an introduction to this subject matter, subsections have been organized to 
provide a review of the pertinent topics as follows: (i) the discovery and early 
characterization of the Sox2 gene and its encoded protein, (ii) neural induction and the 
specification, patterning and morphology of the anterior neural tube and the eye, (iii) the 
development of the secondary palate, (iv) the phenotypes of humans with SOX2 
haploinsufficiency, and (v) the animal models that have been used to analyze Sox2 
functions, their limitations with respect to their ability to accurately model SOX2 
haploinsufficiency, and the generation and early characterization of Sox2HYP mice.  
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1.1 Sox2 in the Early Development of the Forebrain, Eye, and the Secondary Palate 
1.1.1 The Discovery and Early Characterization of Sox2 
 
Sox2 is a 317 amino acid (aa) transcriptional activator that was first identified in 
mouse based on its homology to the mammalian sex-determining region Y (Sry) gene. 
Sox2 was subsequently cloned from human fetal cDNA (Gubbay et al., 1992; Stevanovic 
et al., 1994). Numerous other Sox genes have been identified in the mouse, all of which 
contain the high mobility group (HMG) domain, 79 aa DNA-binding domain that induces 
a sharp bend in DNA upon binding (Giese et al., 1992; Pevny and Placzek, 2005). 
Sequence analysis of the HMG box of the different Sox proteins resulted in their 
grouping into several different families: SOXA–SOXF. Sox2 falls within the SOXB1 
subfamily, along with Sox1 and Sox3, and is highly conserved with respect to both 
sequence and function in organisms as evolutionarily distant as D. Melanogaster (Nambu 
and Nambu, 1996; Pevny and Lovell-Badge, 1997; Russell et al., 1996; Wright et al., 
1993). Based on analysis of its activation of the lens crystalin enhancer DC5, the 
activation domain of Sox2 was localized to the C-terminus (Kamachi et al., 1999). Like 
other Sox genes, Sox2 appears to require a binding partner to exert its effects, although 
the specific partner varies across tissues and developmental stages (Kamachi et al., 2000; 
Kamachi et al., 2001; Yuan et al., 1995). 
Sox2 expression can be observed in the developing gut, lungs, epidermis, and in 
the epithelia that line several of the facial primordia, including the tongue and the palate 
(Biernaskie et al., 2009; Domyan et al., 2011; Okubo et al., 2006). However, Sox2 is 
most commonly described as a marker of embryonic stem cells and neural progenitors; in 
this latter population, Sox2 is expressed from the earliest stages of development 
throughout the lifetime of the organism (Avilion, et al., 2003; Zappone, et al., 2000).  
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Given this broad expression pattern, it is perhaps unsurprising that Sox2 is essential for 
several developmental processes, including the formation of the CNS, the anterior 
pituitary, the sensory cells of the inner ear and eye, taste bud cells, as well as for the 
division of early gut and respiratory structures, along with branching and epithelial cell 
differentiation in the lung (Domyan et al., 2011; Engelen et al., 2011; Gontan et al., 2008; 
Kelberman et al., 2006; Okubo et al., 2006; Taranova et al., 2006). Furthermore, evidence 
from humans with mutations in the SOX2 locus indicate that this gene is also involved in 
the development of the sex organs and the face (Zenteno et al., 2006). 
There are several contexts in which Sox2 appears to have similar functions as the 
other SoxB1 factors, Sox1 and Sox3, raising the possibility that one factor can 
compensate for another. For example, all three of these genes have been demonstrated to 
be able to maintain neural progenitor status or to induce neural fates in specific contexts 
(Bylund et al., 2003; Graham et al., 2003; Pevny et al., 1998). Moreover, both Sox3-null 
and Sox2+/- mice exhibit defects in the development of the anterior pituitary (Kelberman 
et al., 2006; Rizzoti et al., 2004). There has also been evidence that Sox3 expression is 
upregulated upon the loss of Sox2 (Miyagi et al., 2008). On the whole, however, it is 
well-established that the SOXB1 factors are not fully redundant, as Sox2-/- embryos are 
early embryonic lethal (Avilion et al., 2003), whereas both Sox1-/- and Sox3-null mice are 
viable (although pre- and postnatal survival defects are observed in the latter) (Nishiguchi 
et al., 1998; Rizzoti et al., 2004). The early embryonic lethality of Sox2-/- embryos has 
been bypassed by the development of numerous conditional knockouts. Notably, mice in 
which Sox2 is ablated from all neural progenitors at the onset of differentiation exhibit 
neural defects that are more severe than are observed in Sox1-null animals; a complete 
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description of the Sox3-null brain has not been reported (Favaro et al., 2009; Nishiguchi 
et al., 1998; Rizzoti et al., 2004). From these data, it can be concluded that Sox2 has both 
unique and redundant functions amongst the other SOXB1 factors. 
1.1.2 Mouse Neurulation 
 
In mice, Sox2 expression can first be observed in morula-stage cells (E2.5) and in 
the inner cell mass (ICM) at E3.5 (Fig. 1.1) (Avilion, et al., 2003). The latter is comprised 
of the small population of cells (approximately 20) from which the embryo proper is 
derived (Avilion et al., 2003; Ohtsuka and Dalton, 2008). Expression can also be detected 
in extraembryonic cell types, such as those within the ectoplacental cone (E6.5) and the 
chorion (E7.5 through at least E8.5). Sox2-/- embryos were initially reported to die at peri-
implantation stages (Avilion et al., 2003). A more recent study, however, proposed an 
even earlier requirement for Sox2 in facilitating the development of the trophectoderm 
lineage at morula stages (Keramari et al., 2010). The discrepant findings of these studies 
were explained in the latter by the potential compensation by maternal Sox2 transcripts in 
morula-stage embryos. As the ICM gives rise to all tissues of the embryo proper and is 
the best characterized with respect to the role of SOX2 in peri-implantation development, 
the derivatives of the ICM population are the focus of this section. 
There is extensive literature that describes the necessity and function of Sox2 in 
early embryonic lineages, with an initial report appearing in 2003 (Avilion et al., 2003). 
Several years earlier, the first transcriptional target of Sox2 was identified as the secreted 
ligand, fibroblast growth factor 4 (FGF4), which is also expressed in the ICM and which 
is required for post-implantation survival (Feldman et al., 1995; Yuan et al., 1995). Since 
these early reports, detailed analyses, driven in large part by the discovery that the forced 
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expression of the Yamanaka factors (Sox2, Oct3/4, c-Myc, Klf4) can induce pluripotency 
in differentiated human and mouse somatic cells, have elucidated the complex 
transcriptional network by which pluripotency and different lineages are maintained in 
embryonic stem cells (Liu et al., 2008; Okita et al., 2007; Takahashi et al., 2007; Wang et 
al., 2012).  
By E6.0 in mice, the cells of the ICM proliferate to form a single-layered cup-
shaped sheet that is referred to as the epiblast. According to a model proposed by Levine 
and Brivanlou (2007), the process of neurulation, i.e., the specification of neural tissue, is 
less one of inducing a neural fate than of preventing the transition to a non-neural fate. In 
this model, the default state of epiblast cells is anterior neural ectoderm, and several 
signaling and migration events must occur for prospective neural ectodermal cells to 
maintain this default state. One of the earliest steps in this “protection” of prospective 
neural cells is the secretion of bone morphogenic protein (BMP) inhibitors by the gastrula 
organizer (Levine and Brivanlou, 2007; Tam et al., 2004). Following this point and prior 
to neural determination, i.e., when prospective neural cells are committed to their fate, 
these cells are similarly protected from factors that induce non-neural fates by the 
anterior visceral endoderm (AVE), and the anterior mesendoderm subsequently maintains 
anterior neural tissue; both of these tissues underlie the prospective neural midline (Ang 
et al., 1994; Ang and Rossant, 1993; Kimura et al., 2000; Levine and Brivanlou, 2007). 
By approximately E7.5, neural precursor cells are determined, and the neural plate 
can be clearly distinguished (Ang et al., 1994; Levine and Brivanlou, 2007; Sulik et al., 
1994). It is also at this time that Sox2 expression localizes to the anterior neural 
ectoderm, with stronger expression in the far anterior of the embryo (Avilion et al., 2003; 
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Uchikawa et al., 2011). The function of Sox2 in the induction and maintenance of neural 
progenitor identity is the foundation of the hypotheses that guided this thesis and merits a 
special discussion. 
1.1.3  Sox2 and Early Neural Progenitor Identity 
 
One of the first indications that Sox factors are involved in neural progenitor 
identity and maintenance came from expression pattern and in vitro functional analyses 
of the SOXB1 factor Sox1, the HMG domain of which shares a 97% homology to that of 
Sox2 (Kamachi et al., 2000; Pevny et al., 1998). In this seminal study, Sox1 expression 
was observed in the neural ectoderm at E7.5 and to be expressed in actively proliferating 
neural progenitor cells until their differentiation. Moreover, the forced expression of 
Sox1 in an embryonal carcinoma cell line (P19) that normally exhibits an undifferentiated 
ectodermal phenotype resulted in the cells’ acquisition of neuroepithelial characteristics 
and subsequent differentiation into neurons (Pevny et al., 1998). In vivo evidence for the 
role of Sox2 in the maintenance of the vertebrate neural progenitor population came from 
studies in Xenopus and chick (Graham et al., 2003; Kishi et al., 2000). In the latter study, 
Sox2 was overexpressed in ovo in the spinal cord, resulting in the prevention of neural 
differentiation in the transfected cells and their acquisition of glial characteristics. In 
contrast, the repression of Sox2 in the same context resulted in the exit of neural 
progenitor cells from the cell cycle (Bylund et al., 2003; Graham et al., 2003).  
A remarkable result from Uchikawa, et al. (2003) was that, although Sox2 is expressed in 
all neural progenitor tissues, its expression is regulated by several enhancer regions that 
are conserved between avians and mammals. These enhancers were termed N-1 through 
N-5 and were demonstrated to have spatiotemporally overlapping patterns of activity. 
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Notably, the N-1 enhancer was shown to drive Sox2 expression in the posteriorly 
regressing node, indicating that nodal signals may mediate neural induction via the 
regulation of Sox2 in posterior regions (Uchikawa et al., 2003). The same group later 
reported that this enhancer is responsive to FGF and Wnt signaling, whereas BMP 
inhibition, which is a well-established promoter of neural fate, had relatively less effect 
(Takemoto et al., 2006). As important as inducing and maintaining neural fate is the 
prevention of neural induction in adjacent tissues. Mice that are deficient for the T-box 6 
(Tbx6) gene exhibit three neural tubes, with the two additional tubes flanking the central 
tube in place of the somites, indicating a role for Tbx6 in specifying a non-neural fate for 
paraxial mesoderm (Chapman and Papaioannou, 1998). A recent analysis found that this 
effect of the loss of Tbx6 is actually mediated by a de-repression of the Sox2 N-1 
enhancer; specifically, the N-1 activator Wnt3a is upregulated in paraxial mesoderm in 
the absence of Tbx6, leading to a complete neuralization of this tissue (Takemoto et al., 
2011).  
Any discussion of the role of Sox2 in neural induction would be incomplete 
without describing the critical role of Notch signaling. Notch proteins are membrane-
bound receptors that receive signals from membrane-bound ligands on neighboring cells. 
High levels of Notch signaling repress the expression of proneural genes, inhibiting 
differentiation and maintaining the cell in a neural progenitor state. In contrast, cells that 
have initiated a proneural program inhibit Notch signaling, promoting differentiation and 
upregulating the expression of the Notch ligands to inhibit differentiation in neighboring 
cells. This bi-directional signaling mechanism, which is referred to as lateral inhibition, is 
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conserved from flies to mammals and aids in the maintenance of a population of neural 
progenitors (Bertrand et al., 2002; de la Pompa et al., 1997; Heitzler and Simpson, 1991). 
The results of Bylund, et al. indicated that all of the SoxB1 factors can inhibit 
neurogenesis (i.e., maintain progenitor cells in a proliferative state) by counteracting the 
activity of proneural genes but not by upregulating Notch signaling (2003). However, a 
more recent study asked a slightly different question, i.e., whether SOXB1 signaling is 
required for Notch to exert its effects, which was indeed found to be the case (Holmberg 
et al., 2008). Additional evidence suggests that Notch signaling can reciprocally maintain 
Sox2 expression in developing sensory domains (Neves et al., 2011). Taken together, 
these results indicate that SOXB1 and Notch signaling are tightly linked partners in the 
maintenance of the neural progenitor population. 
Considering the sum of the evidence that is presented in this section, it is clear 
that, even at the earliest stages, proper Sox2 functioning is essential for the specification, 
maintenance, and limits of neural tissue.  
1.1.4 The Specification, Determination, and Maintenance of Anterior Neural and 
Forebrain Identity 
 
The forebrain arises from the anterior neural plate and comprises the 
telencephalon, the diencephalon, and the optic vesicle (OV)/OC (prior to the specification 
of non-neural ocular tissues). Based on the expression analysis of forebrain-specific 
transcription factors [Engrailed and Orthodenticle homeobox 2 (Otx2)] in epiblast explant 
cultures, the specification of forebrain precursors occurs at approximately E7.0 (Ang et 
al., 1994; Ang and Rossant, 1993; Levine and Brivanlou, 2007). By this time, 
presumptive anterior neural ectodermal cells (including those that will give rise to the 
forebrain) are located in the rostral epiblast (Levine and Brivanlou, 2007; Quinlan et al., 
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1995). Here, presumptive forebrain cells overlie the AVE, which secretes Wnt, BMP, and 
Nodal antagonists that further protect presumptive anterior neural cells from 
posteriorizing influences (Belo et al., 1997; Levine and Brivanlou, 2007; Meno et al., 
1997). The transcription factors that are involved in the protection of anterior neural 
identity include Lim homeobox 1 (Lhx1)/Lim1, Forkhead boxA2 (FoxA2), Otx2, and 
Sine oculus-related homeobox 3 (Six3) (Acampora et al., 1995; Lagutin et al., 2003; 
Levine and Brivanlou, 2007; Shawlot et al., 1999; Weinstein et al., 1994). The 
determination of anterior neural identity, i.e., the point at which these cells are committed 
to their fate, is thought to occur during head fold stages (≈E7.5–E8.5) (Fig. 1.2A) (Levine 
and Brivanlou, 2007; Uchikawa et al., 2011; Yang and Klingensmith, 2006). 
Following the determination of forebrain tissue, several signaling events are 
required to maintain the survival of these cells. One of the most critical tissues that has 
been identified to play this role is the prechordal mesendoderm (also referred to as the 
prechordal plate) (Ang et al., 1994; Ang and Rossant, 1993; Levine and Brivanlou, 2007). 
The prechordal mesendoderm derives from the node and underlies the neuroectodermal 
midline in regions that are anterior to the notochord (also a derivative of the node) 
(Beddington, 1994; Sulik et al., 1994). Direct evidence for the role of the prechordal 
mesendoderm in the maintenance of anterior neural tissue come from genetic knockout 
studies in which this tissue fails to form (Nodal/Gdf1) (Andersson et al., 2006; Levine 
and Brivanlou, 2007). 
Some of the best evidence for the role of Sox2 in the developing forebrain comes 
from the Nicolis group, who described an enhancer that drives Sox2 expression initially 
in the anterior neural plate and subsequently in a telencephalon-specific manner 
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(Zappone et al., 2000). To address the function of this enhancer (ENH), this group 
analyzed mice that carried one Sox2 null allele (βGeo) and another allele from which 
ENH was deleted (ΔENH). Sox2βGeo/ΔENH mice exhibit decreased survival, enlarged 
ventricles, epilepsy, and protein aggregates in differentiated neurons (Ferri et al., 2004). 
This evidence indicates that a minimum Sox2 dosage is required for normal forebrain 
development; however, this previous analysis did not provide substantial evidence 
regarding the temporal requirement for Sox2 in this tissue. Favaro, et al. deleted Sox2 
from neural progenitors between approximately E10.5 and E12.5 using Nestin-Cre 
(2009). These mice exhibited a postnatal survival defect and hippocampal abnormalities 
that became more severe with time, a result that illustrates that Sox2 is dispensable for 
gross forebrain development following the onset of neurogenesis but is essential for the 
maintenance of normal hippocampal function. 
1.1.5 A Note on Anatomy and Nomenclature  
At this point, given the morphological complexity of the developing anterior 
neural tube, a brief review of the anatomy of this region at the time-points that are 
relevant to this thesis is warranted. The revised prosomeric model of Puelles & 
Rubenstein (2003) is well-supported by genetic evidence and will be used here as an 
anatomical framework of forebrain regionalization (Martinez-Ferre and Martinez, 2012). 
In this model, the posterior border of the forebrain (and the anterior border of the 
midbrain) is situated approximately at the peak of the cephalic flexure, where the neural 
tube bends nearly 180° (Fig. 1.2B). Transversely, from ventral to dorsal, the forebrain 
consists of the epi- and prechordal floors, which overlie the anterior notochord and more 
rostral regions, respectively. Dorsal to the floor is the basal plate, the alar plate (i.e., the 
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“sides” of the neural tube) and the roof plate. The AP axis is somewhat more complex. 
Based in part on evidence from knockout mice, the prosomeric model proposes the 
“secondary prosencephalon”, comprising the telencephalon and the hypothalamus, with 
the latter being designated as the “rostral diencephalon”, despite the caudal portions of 
this tissue extending nearly to the posterior margin of the forebrain. The posterior edge of 
the hypothalamus is the approximate posterior boundary of the prechordal floor, caudal to 
which is the epichordal floor. The hypothalamus itself is divided into rostral and caudal 
portions, with the boundary between these regions being immediately anterior to the 
mammillary area (described below). The “caudal diencephalon”, which will not be 
discussed in detail, is divided into three segments, or prosomeres, that give rise to the 
pretectum, the epithalamus, and the thalamus (Puelles and Rubenstein, 2003) (Fig. 1.2B). 
At E9.5, the ventral surface of the hypothalamus is essentially featureless. By E10.5, two 
invaginations are evident in the floor of the hypothalamus, the caudal mammillary pouch 
and the more anterior infundibulum (Fig. 1.2C). The mammillary pouch and the 
surrounding mammillary area comprise the anlage of the mammillary bodies; 
immediately anterior to this area is the tuberal hypothalamus. Anterior to the tuberal 
region is the infundibulum, which gives rise to the posterior and infundibular lobes of the 
pituitary. Importantly for the considerations of this thesis, the telencephalic and the OVs 
in this model are considered relatively independent neural fields with respect to their 
patterning and fate (Puelles and Rubenstein, 2003). A very interesting result in this 
respect, however, is finding that the anterior (or nasal) half of the neural retina expresses 
the telencephalic-specific marker Foxg1, whereas the rostral diencephalic marker Foxd1 
is expressed in the posterior (or temporal) retina (Hatini et al., 1994). This result and the 
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fact that retinal abnormalities are observed when either of these genes are deleted indicate 
that the patterning of the telencephalon, neural retina, and diencephalon cannot be 
considered wholly distinct processes (Herrera et al., 2004; Xuan et al., 1995). 
1.1.6    A Note on Embryo Staging 
 
Given the rapidity with which certain aspects of neural and optic development 
proceed, a more accurate staging technique than embryonic day is necessary.  Such a 
metric is provided by somites. Somites consist of paired masses of mesodermal tissue that 
flank the developing neural midline, with the first pairs being apparent at approximately 
E8.3 in mice (Tam, 1981). Somite pairs form in an anterior-to-posterior direction, 
beginning just caudal to the otic placode, and initially form at a rate of approximately 1 
per hour; however, this rate eventually decreases to 1 pair every 2–3 hours (Tam, 1981). 
In embryos between the ages of E8.3 and approximately E12.0 (when the most rostral 
somites are no longer visible), somite counts can provide very accurate estimations of the 
developmental stage.  
1.1.7 Forebrain Regionalization 
By the 5–7 somite stage, the anterior of the mouse neural plate is regionalized into 
cell populations that will give rise to the hypothalamus (medial), the thalamus, the eye, 
and the telencephalon (Fig. 1.3) (Inoue et al., 2000). The patterning of the forebrain is 
regulated by multiple signaling centers, including the anterior neural ridge (ANR) (Fig. 
1.4A), the zona limitans intrathalamica (ZLI) (Fig. 1.4B and C), and the ventral midline, 
each of which will be considered in turn. The specification of the eye field, from which 
the OVs develop, will then be discussed prior to a more detailed consideration of eye 
development. One of the natural focuses of the following sections will be the morphogen 
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Shh, which has been repeatedly demonstrated to be a versatile patterning factor and to 
have profound effects on the development of the diencephalon and the optic anlage. 
1.1.7.1 The Anterior Neural Ridge  
 
The ANR is the anterior boundary between neural and non-neural ectoderm 
during neural plate stages, and FGF8 signaling from this region is essential for the 
development of the forebrain, at least in part through this growth factor’s regulation of 
the transcription factor Foxg1 (Shimamura et al., 1995; Xuan et al., 1995).  Deletion of 
the genes that encode Foxg1 or the FGF receptors result in an almost complete abrogation 
of the telencephalon, whereas the diencephalon and more posterior brain tissues are 
spared (Paek et al., 2009; Xuan et al., 1995). In experiments in Xenopus, Sox2 was 
recently demonstrated to positively regulate the forebrain expression of XFGF8, although 
these are very tentative results and will require elaboration (Kim et al., 2012). 
1.1.7.2 The Zona Limitans Intrathalamica  
 
The ZLI is a bilateral, transverse signaling center in the caudal diencephalon that 
divides the chordal and prechordal regions of the neural tube, just anterior to the thalamic 
progenitor region in the revised model of Puelles & Rubenstein (2003) (Vieira and 
Martinez, 2006). The morphological indication of the ZLI is a transverse ridge in the 
caudal diencephalon (Baek et al., 2006) (Fig. 1.4B). Molecularly, the ZLI is defined by 
the expression of Shh Kiecker and Lumsden, 2004 (Fig. 1.4C). Spatiotemporally 
restricted disruption of Shh in the chick ZLI, as well as mis-expression in nearby regions, 
revealed a critical role for this morphogen in the ZLI with respect to the patterning of the 
diencephalon (Kiecker and Lumsden, 2004; Vieira et al., 2005; Vieira and Martinez, 
2006). The mitogenic activity of ZLI Shh is also likely to be necessary for the 
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diencephalon to reach its proper size (Ishibashi and McMahon, 2002; Rash and Grove, 
2011). The widespread expression of Shh in the developing nervous system raises the 
question of how the same morphogen can exert strikingly differential effects. At least one 
mechanism by which Shh can regulate several distinct processes is by means of the 
differential tissue sensitivity. The ZLI, for which tissues immediately anterior and 
posterior respond to Shh in very different ways, is an excellent example of such a 
phenomenon, in that the transcription factor Iroquois homeobox protein 3 (Irx3) 
sensitizes regions posterior to the ZLI to thalamic fates (Kiecker and Lumsden, 2004). It 
is important to keep the mechanism of differential sensitivity in mind when considering 
the ventral signaling center, the prechordal floor. 
1.1.7.3 The Prechordal Floor  
In terms of their effects on the patterning of surrounding neural tissues, ventral midline 
cells should be considered in conjunction with the mesodermal cell populations that 
underlie them. The notochord underlies the ventral midline in the caudal diencephalon 
and in all posterior neural tube regions; for most of the anteroposterior axis of the 
forebrain, however, the underlying mesoderm consists of the prechordal mesoderm. This 
latter cell population is not organized into a tube as is the notochord and exhibits unique 
signaling properties (Dale et al., 1997; Dale et al., 1999; Sulik et al., 1994). The 
notochord and the prechordal mesoderm have direct and distinct effects on both the 
identity of the overlying ventral midline as well as more dorsolateral neural tissue. 
Specifically, the notochord secretes Shh, whereas the prechordal mesoderm secretes both 
Shh and BMP7 (Dale, et al., 1997). An example of the importance of the underlying 
mesoderm is that the secretion of this latter protein in prechordal regions has been 
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demonstrated to (i) confer a rostral identity to the overlying prechordal floor (Dale, et al., 
1997) and (ii) aid in the establishment of ventral hypothalamic identity (Garcia-Calero et 
al., 2008; Ohyama et al., 2008). In fact, ablation of the prechordal mesoderm at 
sufficiently early stages results in a complete loss of ventral forebrain identity, or total (or 
alobar) holoprosencephaly (García-Calero, et al., 2008). 
With respect to the prechordal floor’s role in the patterning of adjacent tissues, it is best 
to consider the hypothalamic floor separately from more anterior regions, as these cells 
exhibit unique properties. Specifically, molecular analysis has demonstrated that the 
hypothalamic floor actually exhibits certain characteristics of the roof plate. Shh is down-
regulated in the hypothalamic floor at stage 10 in chicks (equivalent to ≈ E9.5 in the 
mouse) and is instead expressed in the flanking basal plate. As Shh is downregulated in 
the hypothalamic floor, BMP7 is upregulated, and the expression of the roof plate marker 
paired box 7 (Pax7) is observed at slightly lateral positions, suggesting a local 
dorsalization of the ventral hypothalamus (Ohyama, et al., 2008). Moreover, in the same 
study, BMP7 was demonstrated to upregulate the transcription factor glioma-associated 
oncogene family zinc finger (Gli3), which has been established to antagonize the 
functions of Shh in several contexts (Litingtung and Chiang, 2000; Ohyama et al., 2008; 
Rallu et al., 2002; Rash and Grove, 2011; Ruiz i Altaba, 1998).  
This result should not be taken to suggest that Shh is dispensable for 
hypothalamic development. A remarkable study by Shimogori, et al., in addition to 
reporting the spatial expression pattern of over 1,000 genes across hypothalamic 
development, specifically deleted basal Shh expression from the hypothalamus and the 
telencephalon by E10.5 using an NK2 homeobox (Nkx2.1)-driven Cre, leaving Shh 
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expression in the ZLI intact (Shimogori et al., 2010). This ablation resulted in an 
expansion of the third ventricle and a failure of anterior hypothalamic nuclei to develop, 
despite these cell populations retaining the expression of the hypothalamic progenitor 
marker Retina and Anterior Neural Fold Homeobox (Rax) (Shimogori et al., 2010). 
Comparable results, as well as an early disruption of anterior hypothalamic patterning, 
were reported in a subsequent study that analyzed mice in which Shh was specifically 
deleted in the hypothalamus (ShhΔ/HYPO). This more recent study further suggested that 
Sox2 and the closely related Sox3 actively regulate Shh in the basal hypothalamus, 
reporting (i) that mice with decreased dosage of either Sox3 or both Sox2 and Sox3 
exhibited similar phenotypes as ShhΔ/HYPO mice and (ii) that Sox2 binds to a 
hypothalamic-specific Shh regulator element (Zhao et al., 2012).  Sox2 has also been 
demonstrated to bind and regulate in vivo a ventral forebrain-specific enhancer of Six6, a 
gene that is required for normal hypothalamic development and fertility (Larder et al., 
2011; Lee et al., 2012). 
1.1.8 The Infundibulum 
The pituitary consists of three highly interconnected lobes (anterior, intermediate,  
posterior) that are named based on their relative positions in the adult nervous system. 
The anterior and intermediate lobes derive from the oral ectoderm, a cell population that 
is initially located at the far anterior tip of the neural plate-stage embryo but which at 
later stages (E9.0) underlies the ventral midline of the neural tube at the base of the 
presumptive tuberal hypothalamus In contrast, the posterior lobe derives from the portion 
of the ventral midline that overlies the anterior/intermediate lobe progenitors (Couly and 
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Le Douarin, 1987; Pearson et al., 2011; Zhu et al., 2007). A detailed description of the 
numerous functions of the pituitary is beyond the scope of this thesis, but the reader is 
directed to several excellent reviews (Burgess et al., 2002; Rizzoti and Lovell-Badge, 
2005; Zhu et al., 2007). In basic terms, the pituitary is an interface between the 
hypothalamus and the endocrine system, collecting relevant information from the CNS 
and translating it into an appropriate endocrine response (Zhu et al., 2007). The 
infundibulum is an invagination of the ventral midline of the diencephalon that is situated 
at the base of the tuberal hypothalamus. The first indications of the infundibulum can be 
seen at approximately E10.0 in mouse, and its cells give rise to the posterior lobe of the 
pituitary (Zhu, et al., 2007). A recent elegant fate-mapping analyses of the chick 
infundibulum revealed that it arises from two populations of ventral midline cells. One of 
these populations remains at the ventral midline and forms the ventromedial 
infundibulum. The second population lies just anterior to the first, and its cells migrate 
bilaterally and posteriorly to surround the first population except at the latter’s most 
posterior limit. This migration occurs as both populations evaginate ventrally from the 
diencephalic floor, such that the infundibulum forms a hollow cylinder, with the cells 
from the first population comprising the most posterior and ventral surface (Pearson et 
al., 2011). Several genes have been demonstrated to be essential for the formation of the 
infundibulum, including the pan-hypothalamic marker, Nkx2.1, Lhx2, which is also 
required for normal eye and telencephalic development, and Sox3 (Porter et al., 1997; 
Rizzoti et al., 2004; Takuma et al., 1998; Zhao et al., 2010). The role of Sox2 in pituitary 
development has focused on the non-neural anterior and intermediate lobes, in the 
anlages of which it is expressed in both humans and mice (Kelberman et al., 2008; 
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Kelberman et al., 2006). Humans with SOX2 haploinsufficiency frequently exhibit 
endocrine system abnormalities that are presumed to result from anterior pituitary 
hypoplasia (Kelberman, et al., 2006). Rather surprisingly, SOX2 was shown to be absent 
in the Carnegie stage 16 (≈E12.5 mouse) human infundibulum, although this structure is 
known to be affected in cases of SOX2 haploinsufficiency, with an ectopic (i.e., 
undescended) posterior pituitary and absent pituitary stalk being reported (Kelberman, et 
al., 2006). 
1.2 Eye Development 
1.2.1 Eye Field Specification, Bifurcation, and Optic Vesicle Evagination 
The cell populations that give rise to the mouse OC are located on either side of 
the anterior midline at E8.5, at which point they are surrounded by telencephalic and 
hypothalamic progenitors (Inoue, et al., 2000). The evagination of the OVs and the 
formation of the OC occur between E8.5 (≈5 somites) and E10.5 (≈33 somites) in the 
mouse (Graw, 2010; Kaufman, 1979). The morphological and molecular underpinnings 
of these processes will be outlined in the following sections. 
1.2.2 Eye Field Specification 
 
Although specification of the eye field has not been established in mice as 
thoroughly as it has in other vertebrates, major advances in the understanding of early 
mammalian eye development have been made in recent years (Graw, 2010; Zuber et al., 
2003). 
In mice in which the forebrain is properly specified, the expression of Rax has 
been shown to be essential for the development of even the most rudimentary ocular 
structures, whereas deletions of either Lhx2 or Pax6 result in the aborting of eye 
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development at the OV stage (Grindley et al., 1995; Mathers et al., 1997; Porter et al., 
1997). Consistent with this essential role for Rax in the early stages of eye development, 
Rax mRNA expression is maintained in Pax6-/- embryos, whereas Pax6, while still 
expressed in the anterior forebrain, is not upregulated as usual in the presumptive ocular 
region. In zebrafish, the Rax orthologue rx3 acts to prevent the anterior eye field from 
acquiring telencephalic fates (Stigloher et al., 2006). Although Sox2 has been shown to 
regulate the Xenopus orthologue of Rax (Rx1), this result has not been confirmed in 
mammals (Danno et al., 2008). 
Six3, which is essential for the maintenance of forebrain identity (see Section 
1.1.4), is able to induce the development of ectopic OV-like tissue when mis-expressed in 
the mouse hindbrain/midbrain region (Lagutin et al., 2003). Further evidence for the role 
of Six3 in eye development comes from mice in which Six3 is selectively ablated from 
the forebrain neuroepithelium at approximately E8.5 via Rax-Cre (Six3ΔFB) (allowing for 
the specification of the forebrain). In these mice, the eye field is specified, but the neural 
retina is not, an effect that was suggested to result from the rostral expansion of the 
Wnt8b expression domain. This result is consistent with the described role of Wnt8b in 
zebrafish in limiting the caudal extent of the eye field (Cavodeassi et al., 2005). Notably, 
Sox2 expression appears to be normal in Six3ΔFB embryos through early OV stages (Liu et 
al., 2010). In fact, there is evidence to suggest that Sox2 is a direct regulator of one of the 
medaka Six3 orthologues Six3.2 (Beccari et al., 2012). 
1.2.3 Eye field Separation 
 
Understanding of the mechanism by which the singular vertebrate eye field 
bifurcates has undergone significant revision in the past two decades. Based on gene 
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expression analysis, it was initially believed that anteriorly migrating hypothalamic 
progenitors mechanically divided the eye field (Varga et al., 1999). However, advances in 
imaging that allowed for the tracing of numerous live cells simultaneously during 
development revealed that, although hypothalamic progenitors do migrate anteriorly, 
these cells actually subduct beneath the eye field rather than dividing it. It is instead the 
migration of the cells of the eye field that eventually results in its bifurcation (England et 
al., 2006).  
Molecularly, eye field separation requires signals from both the axial mesoderm 
and surrounding neural tissue. Evidence from several species implicates Shh in the 
development of the underlying axial mesoderm, which has been shown to be required for 
eye field separation (Aoto et al., 2009; Chiang et al., 1996; Li et al., 1997; Pera and 
Kessel, 1997). Further evidence for the role of Shh in this process comes from the clinical 
analyses of individuals with holoprosencephaly (HPE). HPE is an abnormality in which 
the cerebral hemispheres do not separate fully, and in its most severe form results in 
cyclopia. When the responsible gene can be identified in human cases of HPE, it is 
commonly found to be SHH itself, Patched (PTCH) (a gene that encodes a Shh signaling 
transducer), or GLI2 (a gene that encodes a Shh effector) (Cohen, 2006; Geng et al., 
2008). Moreover, the transcription factor Six3, which was mentioned above as being 
critical for forebrain and eye specification, was recently demonstrated to regulate Shh 
expression and is known to be mutated in humans with HPE (Geng, et al., 2008). In 
contrast, the upregulation of Shh can result in a broadened midline and hypertelorism, or 
an increased distance between the eyes (Hu and Helms, 1999). 
 
 21 
1.2.4 From the Eye Field to the Optic Vesicle 
 
Immediately prior to OV evagination, the optic placodes are somewhat flattened 
regions of cells that can be distinguished at the 5–6 somite stage in mouse. The first 
indications of evagination are the optic pits, being observable at the 6–7 somite stage 
(Fig. 1.5A) (Kaufman, 1979). As these evaginations expand, they are referred to as the 
optic prominences, which exhibit a posterior orientation; the medial rotation of the neural 
folds, which brings their lateral edges into close opposition, allows for closure of the 
anterior neural tube by the 25 somite stage and the formation of the OVs proper (Fig. 
1.5A and B) (Kaufman, 1979). A similar single-cell resolution live imaging technique as 
was used to describe the separation of the eye field was used to reveal the mechanism by 
which the OVs evaginate from the lateral neural plate in medaka. It was shown that the 
movement of the presumptive OV cells was location dependent, with ventromedial cells 
remaining relatively stationary and more dorsolateral cells exhibiting a more complex 
sequence of movements: (i) migrating medially toward the midline, (ii) diving ventrally 
into the epithelium, and (iii) moving laterally into the evaginating OV. The same analysis 
found that this cell movement pattern was disrupted in embryos that were mutant for rx3, 
consistent with the previously described role for this gene and a mammalian orthologue 
in eye field patterning and OV morphogenesis, respectively (Mathers et al., 1997; 
Rembold et al., 2006; Stigloher et al., 2006). With respect to the role of Sox2 in this 
process, it is notable that both Sox2 repression and overexpression led to a reduction in 
size of the rx3-postive domain in medaka embryos, with overexpression causing an 
expansion of telencephalic markers into rx3 territory (Beccari et al., 2012). Little is 
known regarding the role of Sox2 in OV formation in mammals. 
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1.2.5 Optic Cup and Lens Invagination 
 
At E9.0, the optic anlage consists of a single neuroepithelial layer, whereas the 
fully formed OC consists of tissues that derive from the neural epithelium, the neural 
crest, and the surface ectoderm. The morphogenetic mechanisms by which the OC is 
formed is well-studied, in part due to the accessibility of the developing eye, but also due 
the neural retina representing a microcosm of neural development (Dowling, 1987). Sox2 
has been shown to be essential for numerous aspects of OC and retinal development, and 
it seems likely that more roles will be uncovered. 
As with the forebrain, given the morphological complexity of the OC, a 
description of its development will benefit from a brief discussion of its anatomical 
features. 
1.2.6 The Anatomy of the Optic Cup at E10.5 
The lateral OVs invaginate to form the OC between E10.0 and E10.5 in mice, at 
which point the OC can be divided into four primary tissues, the retinal pigmented 
epithelium (RPE) (Fig. 1.6A, violet), the neural retina (Fig. 1.6A, green), the ciliary 
margin (Fig. 1.6A, cyan), and the lens (Fig. 1.6A, blue). The RPE is a non-neural tissue 
that surrounds the neural retina. It becomes heavily pigmented by E12.5 and defines the 
conspicuous black globe of the eye that can be observed in vertebrate embryos. The 
underlying retina can be subdivided dorsoventrally and proximodistally based on gene 
expression analysis (see below). Retinal cells that are situated along different positions of 
the proximodistal axis consequently acquire very distinct fates, with proximal (or central) 
retinal cells giving rise to neurons, and distal cells contributing to non-neural tissues, 
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such as the iris and the ciliary body (Davis-Silberman and Ashery-Padan, 2008). Prior to 
the differentiation of these non-neural structures, the distal retina is referred to as the 
“ciliary margin”. The morphologies of the central distal retinal progenitor regions are 
similar at E10.5, with individual retinal progenitors exhibiting a radial morphology and 
processes that extend to both the apical and basal surfaces of the retina.  
The lens is a surface ectoderm derivative that sits within the lumen of the OC. It is 
initially surrounded by a highly arborized vasculature that derives from the hyaloid 
artery, which subsequently regresses to permit the passage of light through the lens (Fig. 
1.6B). At E10.5, the optic stalk consists of neuroepithelial cells that are continuous 
dorsally with the RPE and ventrally with the retina (Fig. 1.6A). The terms “optic stalk” 
and “optic nerve” are often used interchangeably, but the latter refers to the later-
developing axon bundle and associated cells that carry visual information from the neural 
retina to the brain. Optic stalk cells differentiate into astrocytes and remain in the optic 
nerve (Kuwabara, 1975). Until approximately E13.5, the ventral OC exhibits a 
proximodistal cleft that is referred to as the optic fissure, which permits the hyaloid artery 
access to the developing eye (Silver and Robb, 1979). 
1.2.7 Retinal Specification and Optic Vesicle Invagination 
 
The formation of the OC cannot be considered outside of the context of the early 
patterning of the OV into RPE, retinal, and optic stalk domains. This patterning requires 
both intrinsic characteristics of the different cell populations as well as signaling from 
neighboring tissues. In general, as is the case in many contexts throughout the developing 
organism, tissue specification in the OV requires both positive and inhibitory events, the 
details of which are considered below.  
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1.2.8 Retinal Progenitor Specification  
 
In the absence of the surface ectoderm, the cells of the lateral OV do not 
invaginate to form the OC and exhibit characteristics of both the RPE and retinal 
progenitor cells (RPCs), i.e., those that will give rise to both the neural and ciliary retina 
(Hyer et al., 2003). Therefore, the absence of the overlying surface ectoderm results in a 
failure of neural retina specification. This effect was determined to result from a loss of 
FGF signals from both the surface ectoderm and lateral OV itself (Gotoh et al., 2004; 
Hyer et al., 1998; Zhao et al., 2001). Also required are the transcription factors Six3 and 
Lhx2. The loss of the former results in aborted OV development, and the loss of the latter 
leads to the eventual downregulation of several transcription factors that are essential for 
retinal specification, including Sox2 and cation/H(+) antiporter 10 (Chx10) (Liu et al., 
2010; Yun et al., 2009). No studies have selectively ablated Sox2 from the mouse optic 
anlage early enough in development to affect retinal progenitor specification, although 
based on studies in other organisms, a role in this process seems likely (Beccari, et al., 
2012). 
1.2.9 Retinal Pigmented Epithelium Specification 
 
The specification of the RPE has been shown to require (i) isolation from the 
signals that specify the neural retina and (ii) instructive and permissive signals from 
adjacent tissues. An example of the first requirement is that increased levels of FGF1 or 
FGF9 can induce the RPE to adopt a neural fate (Hyer, et al., 1998; Zhao, et al., 2001), in 
part by downregulating the essential RPE transcription factor Microphthalmia (Mitf) 
(Nguyen and Arnheiter, 2000). Furthermore, the forced expression of the SOXB1 factors 
in presumptive RPE cells induces them to adopt a neural fate (Ishii et al., 2009). Two 
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other requirements for RPE specification are the periocular mesenchyme and midline-
derived Shh. When Shh is overexpressed, the RPE takes on a distal retinal fate; in 
contrast, the deletion of Shh effector genes results in the expansion of RPE territory into 
the optic stalk (Hallonet et al., 1999; Macdonald et al., 1995; Mui et al., 2005; Take-uchi 
et al., 2003; Torres et al., 1996). 
1.2.10 Lens Specification 
 
The lens derives from a population of cells that overlie the OV. This surface 
ectodermal population is initially referred to as the pre-lens ectoderm; these cells 
subsequently elongate just prior to invagination into the lens placode (Fig. 1.7, blue) 
(Hyer et al., 2003). The cells of the lens placode invaginate concomitantly with the retinal 
progenitor population, with complete separation of the lens vesicle from the surface 
ectoderm occurring at approximately 36 somites (E10.5). Although the pre-lens ectoderm 
is necessary for OC formation, the more mature lens placode is not, indicating a temporal 
window in which the surface ectoderm influences OV invagination. It should be noted, 
however, that the loss of the lens placode does result in abnormal retinal morphology, 
demonstrating that the lens is not entirely dispensable for normal eye development (Hyer 
et al., 2003; Hyer et al., 1998; Zhang et al., 2008). Alternatively, lens specification does 
not seem to require the presence of the OV, although certain studies have shown that the 
OV does exert a lens-inducing effect via the secretion of BMP4 (Furuta and Hogan, 
1998; Lovicu and McAvoy, 2005). The secreted ligands BMP7 and the FGFs are also 
essential for lens induction and for the expression of the best-characterized gene that is 
required for lens formation, Pax6 (Faber et al., 2001; Grindley et al., 1995; Wawersik et 
al., 1999). Pax6 is expressed in the pre-lens ectoderm, the lens placode, and in the 
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invaginating and maturing lens (Walther and Gruss, 1991; Wawersik et al., 1999). Eye 
development is arrested at the OV stage in Pax6-/- mice; moreover, the conditional 
ablation of Pax6 from the lens placode results in aborted lens development (Ashery-
Padan et al., 2000; Grindley et al., 1995). Sox2 and Pax6 play similar roles in the surface 
ectoderm and in fact directly cooperate in lens development. The conditional ablation of 
Sox2 from either the pre-lens ectoderm or the lens placode generally results in the 
aborting of lens development at the very early stages of invagination; however, the earlier 
ablation results in more severe OC morphological defects, revealing an essential function 
of Sox2 in the surface ectoderm in normal eye development (Smith et al., 2009). There is 
strong evidence for the direct genetic interaction of Sox2 and Pax6 in the transcriptional 
regulation of an enhancer of δ-crystallin, one of a family of proteins that contributes to 
lens transparency (Kamachi et al., 2001; Piatigorsky, 1993). It has also been suggested 
that Sox2 regulates Pax6 expression in the lens placode (Donner et al., 2007a). Further 
evidence for Sox2/Pax6 interactions will be discussed in the following sections. 
1.2.11 Optic Stalk Specification and Survival 
 
The specification of the optic stalk relies heavily on midline-derived Shh. Several 
transcription factors that are expressed in the retina and the optic stalk, including ventral 
anterior homeobox containing gene 1 (Vax1), Vax2, have been demonstrated to be 
downstream of Shh and Pax2 (Hallonet, et al., 1999; Take-uchi, et al., 2003, MacDonald, 
et al., 1995). The deletion of both Vax1 and Vax2 results in a dramatic expansion of the 
neural retina into optic stalk territory (Mui, et al., 2005), and the deletion of Pax2 results 
in the presence of ectopic pigmented cells that resemble RPE cells around the optic nerve 
(Torres, et al., 1996). The survival of the optic stalk cells requires a minimum dosage of 
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FGF8, as revealed by increased apoptosis in this tissue at the OV stage in mouse embryos 
that are hypomorphic for FGF8 (Storm et al., 2006). A role for Sox2 in the development 
of the optic stalk has not been previously described.  
1.2.12 Optic Vesicle Invagination 
 
Morphological indications of OV invagination can be seen as early as the 24–26 
somite stage as a thickening of the lateral surface, and the first indications of the medial 
movement of these cells is observed at ≈28 somites (Fig. 1.7, green). As described above, 
OV invagination depends at least in part on signaling from the pre-placodal surface 
ectoderm (Hyer, et al., 1998; Hyer, et al., 2003). FGF and retinoic acid (RA) signaling are 
intimately involved in OV invagination, with the latter being specifically required for the 
invagination of the ventral OV (Cvekl and Wang, 2009; Gotoh et al., 2004; Molotkov et 
al., 2006). 
The transcription factors that are essential for OV invagination include Pax6, 
Lhx2, and Six3 (Grindley, et al., 1995; Porter, et al., 1997; Lagutin, et al., 2010). The role 
of Pax6 in OV invagination appears to be largely mediated by its early expression in the 
surface ectoderm, as OV-specific downregulation of Pax6 results in a small eye but not in 
failed invagination (Canto-Soler and Adler, 2006). Interestingly, although Lhx2 is not 
expressed in the lens placode (Tetreault et al., 2009), the expression of Sox2 and Six3 is 
reduced in the surface ectoderm in Lhx2-/- embryos, indicating that Lhx2 in the OV 
induces the expression of Sox2 and Six3 in adjacent tissues. In this way, Lhx2 deletion 
may indirectly inhibit OV invagination via its effects on lens development (Yun, et al., 
2009). The requirement for Six3 in OV invagination appears to be due to its presence in 
the OV epithelium itself, as its conditional deletion from the forebrain results in failed 
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OV evagination, whereas its deletion from the presumptive lens ectoderm does not (Liu 
et al., 2010; Liu et al., 2006). The fact that invagination fails in the former case, however, 
may be more a result of a failure of neural retina specification than of invagination-
specific mechanisms (Liu, et al., 2010).  
It should be noted that upon invagination of the OC, both Sox1 and Sox3 are 
downregulated in the retina, such that Sox2 remains the only SOXB1 factor that is 
expressed in the mouse OC (Collignon et al., 1996; Kamachi et al., 1998). This fact has 
encouraged the use of the retina as a model for understanding the roles of the SOXB1 
factors in the developing CNS. 
1.2.13 Neural Retina Patterning 
 
Even at early OC stages (E10.5), the dorsoventral and proximodistal axes of the 
retina are well-established. Several signaling pathways have been implicated in this 
patterning, including Shh (from the ventral midline), BMP, and Wnt.  
1.2.13.1 Dorsoventral patterning of the OC 
 
Dorsoventral patterning of the neural retina is mediated in large part by Shh 
signaling from the ventral midline, Wnts, and BMPs. As discussed above, Shh signaling 
during OC development is essential for limiting the ventral extent of the neural retina 
(Take-uchi, et al., 2003; Mui, et al., 2005). Similarly, less severe interruptions of Shh 
signaling result in the expansion of the dorsal domain of the retina (Mui et al., 2002). One 
of the transcriptional regulators of retinal patterning is Pax6, which is expressed in a 
dorsal-high/ventral-low gradient in the early OC (Baumer et al., 2002). Pax6 and Pax2 
have been shown to directly repress each other’s ventral and dorsal expansion, 
respectively (Schwarz et al., 2000). 
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BMP signaling is a major dorsalizing force in the neural retina but also plays 
important morphogenetic roles ventrally. BMP4 is expressed in the dorsal retina and is 
required for the proper expression patterns of multiple dorsal and ventral markers, 
including several T-box transcription factors and Vax2 (Behesti et al., 2006). The 
dorsalizing effects of the BMP ligands are believed to be regulated in a temporally 
specific manner by Wnt signaling from the dorsal RPE. Although the dorsal retinal 
markers BMP4 and Tbx5 are initially expressed in the absence of this Wnt signal, they are 
not maintained. Moreover, Wnt was shown to be unable to drive the expression of Tbx5 
in the absence of BMP signals, indicating a Wnt→BMP→Tbx5 pathway (Veien et al., 
2008). 
BMP7 is also involved in OC patterning. The loss of this gene in mice leads to 
disrupted expression of the ventral markers Pax2 and Vax1 and the failure of the optic 
fissure to form. This latter defect prevents the entrance of the hyaloid artery, which is 
presumably a direct cause of the subsequent microphthalmia/anophthalmia phenotype 
that BMP7-/- mice exhibit (Morcillo et al., 2006). It should be mentioned that BMP 
signaling in the ventral retina is quite complex, with a fine balance between the BMPs 
and their inhibitors being required for normal development (Adler and Belecky-Adams, 
2002; Adler and Canto-Soler, 2007). 
1.2.13.2 Proximodistal Patterning of the Optic Cup 
 
Although the dorsoventral and proximodistal aspects of optic patterning are often 
considered in conjunction, the latter is in fact a distinct process as it concerns the 
specification of the neural retina from the ciliary margin. The ciliary margin appears to be 
in part defined by the overlapping of FGF (from the surface ectoderm) and BMP signals 
 30 
(from the periocular mesenchyme). This combinatorial expression was hypothesized to 
induce ciliary margin identity during the OV stage. However, whether ciliary margin 
results from a sensitivity of the presumptive ciliary margin cells to specific FGF/BMP 
concentrations or from the creation of a separate signaling source in the presumptive 
margin is unknown (Dias da Silva et al., 2007).  
Wnt signaling is by far the best-described mechanism for the establishment of the 
OC proximodistal axis (Liu et al., 2007). Numerous Wnt ligands, receptors (the Frizzled 
proteins) and receptor-like competitive antagonists (SFRPs) are expressed in the 
developing retina in a complex spatiotemporal manner (Liu, et al., 2003). Analyses of 
both the up- and downregulation of canonical Wnt signaling indicate that this pathway is 
both necessary and sufficient for the specification of the distal retina into the ciliary 
margin (Liu, et al., 2007). The transcriptional regulation of neural retina and ciliary 
margin specification depends heavily upon Pax6 and Sox2, and there is a strong 
indication that these two transcription factors either directly or indirectly interact in this 
process. Horizontal eye sections reveal an inverse gradient of Sox2 and Pax6 expression, 
with Sox2 being expressed strongly in the central retina, weakly in the distal margin, and 
Pax6 exhibiting the reverse pattern (Baumer et al., 2002; Matsushima et al., 2011). The 
conditional ablation of Sox2 from the neural retinal progenitors results in (i) a dramatic 
upregulation in Pax6 expression in the central retina, (ii) the loss of neural competence of 
Sox2-negative regions, (iii) an expansion of the expression domains of ciliary margin 
markers, (iv) a subsequent conversion of central Sox2-negative regions into ciliary 
epithelium, and (v) a decrease in the size of the eye. The fact that these phenotypes were 
partially rescued by deleting Sox2 from the same population of retinal progenitors on a 
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Pax6-deficient background suggests an antagonistic genetic interaction between Sox2 and 
Pax6 in the central retina (Matsushima, et al., 2011). 
1.2.14 Retinal Morphology and the Differentiation of Retinal Cell Types 
 
There is an immense body of literature describing the complex morphology and 
development of the retina, its many cell types, and the nature of the circuitry that 
transmits light information from the photoreceptors to the brain. The following section 
will give a very brief summary of the aspects of retinal morphology and neuronal and 
glial differentiation that will be required to understand the motivations that drove the 
work described in subsequent chapters. 
1.2.15 The Morphology of the Mature Retina 
 
The mature retina is visibly laminated into five layers, each of which are 
composed of broad nuclei-rich regions or of narrow synaptic, or plexiform, layers. When 
light enters the eye and passes through the lens, it must travel through these layers to 
reach the photoreceptors, which comprise the outer nuclear layer (ONL). This layer is 
composed of rods and cones, the former of which are more sensitive to low light levels, 
and the latter of which allow for high acuity and color vision. The photoreceptors 
transmit visual information to horizontal and bipolar cells via the synapses that comprise 
the outer plexiform layer (OPL). Horizontal cells provide feedback to the underlying 
photoreceptors, whereas bipolar cells transmit visual information forward to the amacrine 
cells. The cell bodies of both amacrine and bipolar cells, as well as of the Müller glia 
(discussed below) make up the inner nuclear layer (INL). Amacrine cells form synapses 
with bipolar cells, with one another, and with retinal ganglion cells. Their overall 
function is to integrate and modulate incoming information and to transmit it to the 
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retinal ganglion cells. The ganglion cells themselves relay the output of the retinal 
circuitry primarily to the visual cortex via the lateral geniculate nucleus of the thalamus 
(Kolb et al., 2012). Although there are generally considered to be seven neuronal and one 
glial cell type in the mature retina, the diversity of neuronal cell types cannot be 
overstated. For example, there are thought to be approximately 30 sub-types of amacrine 
interneurons, and numerous subtypes of retinal ganglion cells that preferentially respond 
to objects that move in different directions in the visual field (Kay et al., 2011; MacNeil 
and Masland, 1998; Oyster and Barlow, 1967; Vaney et al., 2012).  
The Müller glia are a radial cell type that have their nuclei in the ONL and bipolar 
processes that project to both the inner and outer limits of the retina. These cells are the 
principle glial cell type of the retina, providing trophic and structural support to the retina 
(de Melo Reis et al., 2008; Meller and Tetzlaff, 1976). The radial orientation of Müller 
glia has also been proposed to provide a conduit by which incoming light can travel 
relatively unimpeded through the thickness of the retina to the photoreceptor layer 
(Franze et al., 2007). Perhaps the most fascinating property of Müller glia is that they 
retain many characteristics of neural progenitor cells, including (i) a morphology that is 
similar to that of RPCs, (ii) Sox2 expression throughout adulthood, and (iii) a capacity in 
certain species to reenter the cell cycle from their quiescent state to form functional 
neurons in the event of retinal injury (Bernardos et al., 2007; Bhatia et al., 2009; Zupanc 
and Sirbulescu, 2011). Mammalian Müller glia have a very limited capacity to 
proliferate, and generally only do so under non-physiological conditions; however, this 
cell type remains a very active subject of research in the field of retinal regeneration 
(Karl et al., 2008). 
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1.2.16 Neuronal Differentiation in the Retina 
 
The first indications of neural differentiation in the retina can be detected in the 
central retina at approximately E11.0 (Ohsawa and Kageyama, 2008; Wang et al., 2001). 
Spatially, differentiation occurs in a central to distal wave that is matched and in part 
regulated by a wave of Shh expression; interestingly, this role for Shh in eye 
development appears to be conserved in organisms that are as distant as Drosophila 
(Heberlein et al., 1995; Wang et al., 2005). The different neuronal cell types initiate their 
differentiation in a highly stereotyped manner that is conserved among vertebrates 
(Cepko et al., 1996). The retinal ganglion cells are followed shortly by the cones, 
amacrine, and horizontal cells. Rod photoreceptors begin to differentiate at about E12.0, 
followed by the bipolar cells and finally the Müller glia. Although the initiation of 
differentiation of these cell types occurs in a specific order, the span of development over 
which each cell type is generated is widely variable. For example, the population of 
horizontal cells is formed over only five days in mouse, whereas the population of rods is 
generated over a period that is nearly three times longer. The last Müller glia differentiate 
at approximately P12, after which the mouse retina contains its full complement of 
neurons (Cepko, et al., 1996; Ohsawa and Kageyama, 2008). 
Sox2 is downregulated from most neuoretinal cell types upon their differentiation, 
with two exceptions: Sox2 continues to be expressed in a relatively uncharacterized 
subset of amacrine cells and in the Müller glia (Le et al., 2002; Taranova et al., 2006).  
The role of Sox2 in maintaining the neural potential of retinal progenitors is well 
established and was revealed in part by the conditional ablation of Sox2 at E10.0 from the 
neural retina. This ablation results in a conversion of the neural retina to a ciliary 
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epithelial-like phenotype (see section 1.2.13.2) (Matsushima, et al., 2011). A constitutive 
decrease in Sox2 dosage (using Sox2HYP mice) leads to (i) a thinned neural retina, (ii) the 
formation of retinal “rosettes” (i.e., rounded in-foldings of retinal tissue), (iii) the mis-
localization and probable death of retinal ganglion cells, and (iv) a concomitant loss of 
the optic nerve (Taranova, et al., 2006). One of the molecular mechanisms that was 
proposed to underlie these effects was the attenuation of Notch signaling. Notch1 mRNA 
expression and that of its effector Hes5 were reduced in Sox2HYP retinas, suggesting that 
Sox2 either indirectly or directly regulates the Notch pathway. In support of the latter 
interpretation, it was found (i) that Sox2 protein bound to the same region within the 
Notch1 gene in both embryonic stem cells and CNS tissue and (ii) that Sox2 binding sites 
were required for the identified promoter region to enhance expression in a luciferase 
assay (Taranova, et al., 2006). The results that were obtained from this previous study 
indicate that a minimum dosage of Sox2 is essential for the proper morphology and 
maturation of the neural retina and that these effects are potentially mediated by Sox2’s 
regulation of the expression of the Notch1 receptor. 
1.2.17 Fusion of the Optic Fissure 
 
The ventral aspect of the retina, which responds to objects in the upper visual 
field, must be continuous for normal vision (Tsai, 2011). Furthermore, as the lens must be 
as transparent as possible, its initial covering by the hyaloid artery is unsuitable for 
postnatal life. It is presumably for these reasons that the optic fissure fuses during 
embryonic development, at approximately E13.5 in mouse. The failure of this process 
results in a coloboma, which in more severe cases presents as a “tear drop” pupil or iris 
(Schimmenti et al., 2003). Mechanistically, colobomata can result from at least three 
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mechanisms. First, the under-specification of the dorsal retina can result in a wide gap 
between the remaining temporal and nasal halves of the ventral retina, as is the case for 
mice that lack the Wnt co-receptor low density lipoprotein receptor-related protein 6 
(Lrp6 ) (Zhou et al., 2008a). Second, the over-specification of proximal tissues, for 
example via the upregulation of Pax2, can also result in colobomata, but via the 
transformation of ventral retina and RPE cells to an astrocytic fate (Sehgal et al., 2008). 
Third, colobomata can result in cases where the proximal/ventral eye is distalized, such 
as in the case of Pax2-/- and Vax1-/-mice, in which RPE cells can be observed in the optic 
nerve (Torres, et al., 1996). Recently, the fas-associated death domain (Fadd) gene was 
demonstrated to be downstream of Pax2 and Vax2. In this study, the loss of Fadd led to 
an increase in both proliferation and necroptosis (a regulated form of necrosis) in the OC, 
although it was not determined which of these effects was responsible for the resultant 
colobomata (Miao and Degterev, 2009; Viringipurampeer et al., 2012). 
Coloboma is one of the more common eye phenotypes in SOX2 haploinsufficient humans 
who are not anophthalmic, although this abnormality has not been described in any model 
of Sox2 deficiency (Schneider et al., 2009). 
1.3 A Summary of the Roles of Sox2 in Neural and Ocular Development 
 
The above evidence indicates that Sox2 is required, often in a dosage-dependent 
manner, for the survival of the early embryo, maintenance of the neural progenitor 
population, patterning and morphology of forebrain structures, formation of the lens and 
the OC, and neuroretinal differentiation. The following section will consider the 
development of the secondary palate, for which there are very few previous indications 
for a role of Sox2. 
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1.4 Development of the Secondary Palate 
  
The palate is divided into primary and secondary components, with the primary 
palate comprising the upper lip, the four upper-frontal teeth, and certain adjacent tissues 
(Diewert and Wang, 1992; Lang, 1995). The secondary palate, or the roof of the oral 
cavity, is required for the separation of the oral and nasal cavities and for simultaneous 
eating and breathing (Gritli-Linde, 2007). This tissue derives from the ventro-medial 
aspects of the maxillary prominences, which are located just beneath the eyes (Fig. 1.8A). 
The first indications of the ventral outgrowth of the maxillary prominence tissues that 
will form the secondary palate and that are referred to as the palatal shelves can be 
observed at approximately E11.0 in the mouse (Gritli-Linde, 2007) (Fig. 1.8B). Over 
approximately the next three days, the palatal shelves continue to extend ventrally (Fig. 
1.8C and D). At approximately E14.25, the palatal shelves begin the process of elevation, 
during which they become horizontally oriented (Fig. 1.8D, E, G, and H). This transition 
appears to occur very rapidly and to not necessarily occur simultaneously for the two 
shelves (Sakamoto et al., 1989). The rapidity with which elevation occurs can in part 
explain its incomplete characterization and also led to the hypothesis that shelf elevation 
must not be entirely dependent on proliferation (Bush and Jiang, 2012; Walker and 
Fraser, 1956). Rather, evidence has supported the hypothesis that elevation occurs via the 
outgrowth and remodeling of the medial palatal shelf (Bush and Jiang, 2012; Jin et al., 
2010).  
The developing oral cavity also houses the tongue, which, prior to palatal shelf 
elevation, is situated between the palatal shelves (Fig. 1.8G). The tongue’s contribution to 
elevation has long been hypothesized. In an early descriptive study by Walker and Fraser, 
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it was observed that removal of the tongue during dissection often resulted in very rapid 
palatal shelf elevation (on the order of seconds to minutes), even at time points well prior 
to when elevation was expected (1956). Both early and recent studies have confirmed that 
the tongue itself undergoes morphological changes throughout development, including a 
lateral “flattening” and an anterior-directed movement (Wragg et al., 1972; Yu and 
Ornitz, 2011). These characteristics of tongue development presumably have an effect on 
palatal shelf elevation, although their specific contributions are uncharacterized. 
Upon elevation, the palatal shelves extend medially, meeting in the middle of the oral 
cavity where they begin to fuse (Fig. 1.8E, F, H, and I). Once initiated, fusion is 
estimated to last approximately 6 hours in the mouse (Walker & Fraser, 1956). Fusion 
requires a local breakdown of the epithelial layer that encloses both of the palatal shelves 
at the location of contact, the medial epithelial edge (MEE). MEE cells exhibit a different 
expression pattern from the rest of the palatal epithelium, and at least some of these 
differences, e.g., downregulation of the Notch ligand Jagged2, permit shelf fusion. The 
acquisition of this expression pattern is surprisingly not contact dependent, as shown by 
normal MEE differentiation is a mouse line in which shelf elevation is delayed (Bush and 
Jiang, 2012; Jin et al., 2008). Assuming that elevation occurs, fusion of the palatal 
shelves requires the dissolution of the midline epithelial seam (MES). This process has 
been proposed to occur via (i) an epithelial to mesenchymal transition, (ii) cell death, or 
(iii) the migration of the MES cells (Fig. 1.8H, arrowhead). Complicating matters further, 
the mechanism by which fusion occurs may differ along the anteroposterior axis of the 
secondary palate. Despite numerous studies to elucidate the fusion process, contradictory 
results are still frustratingly common, including one case in which the analysis of the 
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identical mouse line resulted in opposite results (Cecconi et al., 1998; Jin and Ding, 
2006a). One recent study that made use of an ectopic culture reported apoptosis in the 
MES in the absence of the opposing shelf, but only in the mid and anterior regions, 
indicating that certain fusion-related processes may be contact-independent 
(Charoenchaikorn et al., 2009). Notably, fusion of the palatal shelves must be maintained, 
as evidenced by analysis of mice that are mutant for mesenchyme homeobox 2 (Meox-2), 
which exhibit a post-fusion cleft (Jin and Ding, 2006b). 
Cleft secondary palates, which are among the most commonly observed birth 
defects, can result from a failure of shelf growth, elevation (due either to shelf-intrinsic 
defects or tongue occlusion), extension, or fusion (Meng et al., 2009). Together, these 
processes are regulated by a diverse array of growth and signaling factors, including but 
not limited to Shh, Wnts, BMPs, FGFs, and the Ephrins (Alappat et al., 2005; Bush and 
Jiang, 2012; Bush and Soriano, 2010; Lipinski et al., 2010; Xiong et al., 2009; Yu et al., 
2010). Numerous transcription factors have also been implicated in these processes, 
although SOXB1 genes have not (Bush and Jiang, 2012; Huang et al., 2008; Xiong et al., 
2009). 
1.5 SOX2 Haploinsufficiency 
 
The confluence of anophthalmia, esophageal atresia, and genital defects was first 
defined as a human syndrome (AEG) by Shah, et al., (1997), although Online Mendelian 
Inheritance in Man now defines this condition as syndromic microphthalmia 3. In 2003, 
Fantes, et al., described the first four cases of SOX2 haploinsufficiency, although it was 
not until later that SOX2 mutations were recognized as the primary, if not the sole, cause 
of AEG. To date, over 60 patients with SOX2 mutations have been identified (Alatzoglou 
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et al., 2011; Gonzalez-Rodriguez et al., 2010; Osborne et al., 2011; Ragge et al., 2012; 
Reis et al., 2010; Schneider et al., 2009). Whereas mice are affected only to a limited 
degree by the removal or disruption of one Sox2 allele, this is generally not the case with 
humans, for whom the full complement of SOX2 protein appears to be critical for normal 
development (Kelberman, et al., 2006). Analysis of the abnormalities that patients with 
SOX2 mutations exhibit has informed the study of the functions of this gene in the 
development of several organ systems. In turn, the results of this research can provide 
important insights into both the amelioration of the symptoms of SOX2 mutation carriers 
and the education of those who seek genetic counseling. The sections below will outline 
the principal phenotypes that are observed in humans with SOX2 haploinsufficiency, with 
brief comments regarding how the given abnormality can (or cannot) be linked to a 
known function of SOX2. The statistical results that are reported are based on a review of 
the known SOX2 mutations as of 2009 and, due to the frequent asymmetry that is 
observed with respect to ocular phenotypes, are given in terms of the number of affected 
eyes rather than affected patients (Schneider, et al., 2009). 
1.5.1 Eye Abnormalities 
 
Given the several described roles for SOX2 in eye development, it is not 
surprising that eye defects are extremely common among the population of SOX2 
mutation carriers (≈80%), with the vast majority of abnormalities consisting of 
anophthalmia or microphthalmia. The less commonly observed eye defects include 
coloboma (i.e., a failure of the optic fissure to fuse), small optic nerve, sclerocornea (the 
blending of the white outer covering of the eye with the cornea), nystagmus (involuntary 
eye movement), iris hypoplasia, anterior segment dysgenesis (defects of the cornea, iris, 
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ciliary body, and lens), and others (Bakrania et al., 2007; Kelberman et al., 2006; 
Petrackova et al., 2004; Ragge et al., 2005; Schneider et al., 2009; Wang et al., 2008). 
Interestingly, these less severe phenotypes are more commonly observed in those who 
carry missense mutations (33%) than in those who carry deletions, missense mutations, 
nonsense deletions or truncations (≈5%); similar results were reported with respect to the 
those patients with normal eyes, indicating a possible genotype/ocular phenotype 
relationship (Schneider, et al., 2009). One of the more striking characteristics of the 
ocular phenotypic pattern observed in these patients is the variability between individuals 
with the same mutations, even between monozygotic twins (Zenteno, et al., 2006). Such 
variability suggests the dependence of the phenotype on the genetic background, 
environmental conditions, and perhaps even stochasticity, i.e., certain events or processes 
may be minutely sensitive to Sox2 levels and therefore to small, random dosage 
variations. 
1.5.2 Brain Abnormalities  
 
Some type of brain abnormality is observed in approximately half of patients with 
SOX2 mutations. These defects most commonly affect the hypothalamus, corpus 
callosum, septum, hippocampus, and occasionally the neurohypophysis (i.e., the posterior 
pituitary) (Kelberman, et al., 2006; Schneider, et al., 2009). Consistent with these 
abnormalities, neurological symptoms are common, including severe learning disabilities, 
motor deficits, and seizures (Kelberman et al., 2006; Sisodiya et al., 2006). The 
hypothalamic defects are generally hypothalamic hamartomas (HHs), which are benign 
tumors of the hypothalamus that are associated with cognitive deficiencies, seizures, and 
developmental disorders (Freeman, 2003). To date, the only other gene that has been 
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associated with HHs in humans is GLI3, which encodes a member of the Gli family of 
transcription factors and which is a functional antagonist of Shh signaling (Litingtung and 
Chiang, 2000; Rallu et al., 2002). Consistent with both this antagonism and with the 
association of HH with human GLI3 mutations, Gli3 is normally expressed in the Shh-
negative hypothalamic prechordal floor, where HHs are normally observed (see section 
1.1.7.3) (Freeman, 2003). Other abnormal growths of the hypothalamo-pituitary axis 
have been reported in SOX2 haploinsufficient humans. A recent relevant study described 
two patients with SOX2 haploinsufficiency who presented with slowly growing pituitary 
tumors; however, it was not stated whether the source of the tumor was the (non-neural) 
anterior or neural posterior pituitary (Alatzoglou, et al., 2011). The proposed mechanism 
for the growth of this tumor was a derepression of Wnt signaling, a conclusion that was 
based on in vitro analysis of the mutant protein and the similarity of the observed tumors 
with those that are caused by an overactive Wnt pathway in mice and humans 
(Alatzoglou et al., 2011; Gaston-Massuet et al., 2011). Importantly, Gli3 mutations have 
not been reported to cause HH in mouse; in fact, no animal models for HH have been 
described (Bose et al., 2002). 
1.5.3 Anterior Pituitary Abnormalities 
 
The pituitary is responsible for secreting many of the hormones that are required 
for growth and maturation, including sexual maturity (Netchine et al., 2000; Wu et al., 
1998; Zhu et al., 2007). Anterior pituitary hypoplasia and hypogonadotropic 
hypogonadism are commonly observed phenotypes in humans with SOX2 
haploinsufficiency, with the latter being defined as a deficiency in luteinizing and follicle 
stimulating hormones (Kelberman et al., 2006; Sato et al., 2007). Hypogonadotropic 
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hypogonadism can cause delayed or absent puberty, as has been observed in humans with 
SOX2 mutations (Bakrania, et al., 2007; Sato, et al., 2007). Several of these phenotypes 
have been successfully modeled in Sox2+/- mice. These studies have shown that the 
posterior portion of the anterior pituitary anlage, or Rathke’s pouch, wraps around the 
posterior of the infundibulum by E12.5 in one-third of Sox2+/- embryos, whereas the 
entire pouch is normally situated anterior to the infundibulum. An abnormal cleft is also 
seen in the anterior pituitary of adult Sox2+/- mice, which was hypothesized to result from 
the abnormal embryonic bifurcation in Rathke’s pouch (Kelberman, et al., 2006). 
1.5.5 Craniofacial Defects 
The most commonly reported facial dysmorphisms in humans with SOX2 
haploinsufficiency involve the outer ear, with the most frequent defect being a prominent 
anti-helix, or the “ridge” that is just medial to the outermost portion of the ear (Ragge, et 
al., 2005, Zenteno, et al., 2006; Schneider, et al., 2009). Also observed are facial 
asymmetry, brachycephaly (antero-posterior foreshortening of the head), and 
abnormalities of the nasal bridge (broadened), the teeth (widely spaced), and the mid-face 
(hypoplasia) (Ragge et al., 2005; Schneider et al., 2009; Zenteno et al., 2006; Zhou et al., 
2008b). Palatal cleft has been reported only once in a patient with confirmed SOX2 
haploinsufficiency, although it was not reported whether the primary or secondary palate 
was affected. However, retrognathia and micrognathia (posteriorly set or hypoplastic 
mandible, respectively), which have been correlated with palatal clefting, have been 
reported more frequently in this patient population (5 patients) (Latham, 1966; Male et 
al., 2002; Schneider et al., 2009; Zenteno et al., 2006). 
 
 43 
1.6 Limitations of Previous Models of SOX2 Haploinsufficiency 
 
Most of the previous models of Sox2 deficiency have been limited in some way in 
their ability to model the development of humans with SOX2 mutations. These models 
examine mice in which (i) Sox2 is ablated in a spatiotemporally specific manner (Favaro 
et al., 2009; Matsushima et al., 2011; Miyagi et al., 2008; Smith et al., 2009; Taranova et 
al., 2006), (ii) tissue-specific Sox2 enhancer regions are deleted (Dong et al., 2002; Ferri 
et al., 2004; Takemoto et al., 2011; Zappone et al., 2000) or (iii) one allele of Sox2 is 
unaffected (i.e., Sox2+/-) (Kelberman, et al., 2006). In the first two cases, the 
spatiotemporally-specific loss of Sox2 function likely affects development differently 
than does the constitutive decrease in SOX2 function that is presumed to occur in human 
patients. With respect to Sox2+/- mice, it has been noted that they do not exhibit the eye 
defects that are characteristic of humans with SOX2 haploinsufficiency, although a high 
degree of variability in this respect should be noted (unpublished observations) 
(Kelberman, et al., 2006). To better model the genetic environment of this patient 
population, it is therefore necessary to constitutively reduce Sox2 levels below 
heterozygosity, and it was with this aim that the Sox2HYP mice were generated. The 
strategy by which this goal was achieved involved the generation of three Sox2 alleles: 
the null allele (Sox2EGFP), and two hypomorphic alleles, Sox2IR, and Sox2LP. 
1.7 The Generation of the Sox2EGFP, Sox2IR, and Sox2LP Alleles 
 
The generation of the Sox2EGFP allele was described by Ellis, et al., (2004). 
Briefly, the Sox2 open reading frame and the first 1 kb of the 3’ noncoding region was 
replaced with enhanced green fluorescent protein (EGFP) and loxP-flanked (floxed) 
neomycin cassettes, resulting in a null allele (Fig. 1.9). The generation of the 
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hypomorphic Sox2 alleles was described by Taranova, et al., 2006. Briefly, the Sox2IR 
allele was generated by replacing the 3’ untranslated region (UTR) of the endogenous 
SOX2 locus with an internal ribosomal entry site (IRES) cassette followed by a dsRed 
reporter (Fig. 1.9). The Sox2LP allele resulted from the incomplete insertion of a floxed 
Sox2-Neo vector, resulting in a single loxP site 3’ of the Neo cassette (Fig. 1.9). Western 
blot analysis of eye and brain tissue from E14.5 eyes confirmed that Sox2 expression was 
decreased to ≈30% and 20% of Sox2+/+ levels in Sox2IR/EGFP and Sox2LP/EGFP mice, 
respectively (Taranova, et al., 2006). The precise mechanism that underlies the 
hypomorphism of the Sox2IR and the Sox2LP alleles is unknown. However, these alleles 
are characterized by a missing 3’ UTR (Sox2IR) or by a 3’ UTR that is closely followed 
by a non-endogenous sequence (Sox2LP). Notably, a mutation in the 3’ UTR of SOX2 has 
been associated with microphthalmia/anophthalmia in humans, suggesting that this region 
is important for normal Sox2 expression levels (Zhou, et al., 2008). This fact and the 3’ 
characteristics of the Sox2IR and Sox2LP alleles may explain their hypomorphism.  
1.8 Summary and Hypotheses 
 
Sox2 is essential for the normal development of several tissues and organs in both 
humans and mice, including the neural retina, the ciliary epithelium, the 
neurohypophysis, multiple telencephalic structures, and the craniofacies. However, the 
embryonic lethality of Sox2-/- embryos and the relative mildness of the phenotypes that 
are exhibited by Sox2+/- mice have hindered the analysis of the precise function of Sox2 
in development. The generation of the Sox2HYP mouse lines have overcome these 
difficulties and have allowed the analysis of Sox2 function in a genetic environment that 
more closely mimics SOX2 haploinsufficiency. A previous study of these mice revealed 
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that they exhibit variable anophthalmia/microphthalmia, confirming their value as a 
model for SOX2 haploinsufficiency (Taranova, et al., 2006). However, these previous 
analyses focused on E13.5 and older mice, at which stages the observed phenotypes were 
already quite severe. Moreover, the analysis was limited to the eye, and more detailed 
characterizations of the brain and craniofacies of these mice were not performed. 
Therefore, this thesis was undertaken with the following hypotheses: (i) Sox2HYP embryos 
will exhibit early ocular, neural, and craniofacial defects that are consistent with the 
phenotypes that are observed in humans with SOX2 haploinsufficiency, and (ii) that the 
molecular analyses of these regions in the Sox2HYP mouse embryo will provide 
information regarding the specific function of Sox2 in the development of the brain and 
eye. 
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Figure 1.1 
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Figure 1.1. Sox2 expression in the inner cell mass.  
Four E3.5 mouse blastocysts expressing the Sox2EGFP reporter allele in the inner cell 
mass, which will give rise to all embryonic tissues. 
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Figure 1.2 
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Figure 1.2. The E8.0 neural ectoderm and E10.5 forebrain regionalization.  
A) A dorso-lateral view of an ≈E8.0 mouse embryo with the anterior neural ectoderm 
pseudo-colored blue. B) A sagitally cut E10.5 embryo, with major forebrain divisions and 
features indicated. Regionalization based on the revised prosomeric model of Puelles & 
Rubenstein, 2003 (Shimogori, et al., 2010; Martinez-Ferre, et al., 2012). C) A frontally 
cut E10.5 embryo, with the mammillary pouch and the infundibulum indicated.  
Abbreviations and color codes: CF: cephalic flexure; Green pseudo-color: hypothalamic 
progenitor region; I: Infundibulum; MP: Mammillary pouch; P1, P2, P3: Prosomeres 1, 2 
and 3, corresponding to the anlages of the pretectum, thalamus, and the prethalamus, 
respectively; OS: optic stalk; Red line separating P2 and P3: zona limitans intrathalamica; 
TV: telencephalic vesicle. Scanning electron images in A, B courtesy of Kathy Sulik 
(https://syllabus.med.unc.edu/courseware/embryo_images/). 
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Figure 1.3 
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Figure 1.3. A) Fate map of the mouse neural plate at the 5-7 somite stage.  
A) A dorsal view of a Sox2EGFP-expressing 5–7 somite mouse embryo (anterior is up), 
with the major progenitor regions indicated. Regions drawn based on the fate-mapping of 
Inoue, et al., 2000.  
Abbreviations and color codes: Green: Sox2 expression; Red: Eye progenitors; Yellow: 
Hypothalamic progenitors; Blue: Telencephalic progenitors. EF: Eye field; T: 
Telencephalon; H: Hypothalamus. 
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Figure 1.4 
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Figure 1.4. The anterior neural ridge at E8 and two views of the zona limitans 
intrathalamica at E10.5.  
 
A) A frontal view of an E8 mouse embryo, with the anterior neural ridge (pseudo-colored 
blue) at the far anterior edge of the neural plate. B) An off-center frontal view of a 
frontally cut E10.5 mouse embryo with the posteroventral diencephalic surface visible. 
The zona limitans intrathalamica (ZLI) can be seen as bilateral, transversely oriented 
furrows (arrows) slightly posterior to the mammillary pouch (MP). C) A lateral view of 
an E10.5 Shh-Cre;ROSA embryo that was stained with X-Gal to reveal Shh expression 
domains. The ZLI can be seen as a transverse region of expression that emanates from the 
basal plate expression domain of Shh. Scanning electron image in A courtesy of Kathy 
Sulik. (https://syllabus.med.unc.edu/courseware/embryo_images/) (Shh-Cre line first 
described by Harfe, et al., 2004; ROSACre first described by Soriano, 1999). 
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Figure 1.5 
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Figure 1.5. The optic pits and optic evaginations of E8.25–E8.75 mouse embryos.  
A) A dorsal view of the anterior neural plate of a 5–6 somite embryo, with the optic pits 
visible as bilateral indentations (arrows). B) A dorso-frontal view of the anterior of a 9–
11 somite embryo, with the optic evaginations (arrows) as the dominant feature of the 
anterior neural folds (NF). 
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Figure 1.6 
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Figure 1.6. Patterning of the E10.5 optic anlage and the hyaloid vasculature at       
E13.5. 
  
A) The E10.5 optic anlage is patterned into the optic stalk (yellow) and the optic cup 
(OC). The optic stalk is continuous dorsally with the retinal pigmented epithelium 
(violet) and ventrally with the retina (green). The distal aspect of the neural retina is 
referred to as the ciliary margin (cyan), which will give rise to the iris and the ciliary 
body. The morphology of the ciliary margin is indistinguishable at this time from that of 
the central retina, but these cells exhibit a distinct molecular profile. B) The mouse eye at 
E13.5, with the retina (green), lens (blue), and the hyaloid artery (red). The latter will 
eventually regress to permit the free passage of light through the lens.  
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Figure 1.7 
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Figure 1.7. The lens placode and the invaginating neural retina at E9.75.  
A frontal view of the E9.75 WT OV. The lens placode (LP, blue, arrowhead) can be seen 
as a local thickening of the surface of the ectoderm at the 28 somite stage. The lateral 
surface of the OV, which consists of retinal progenitors (RP, green) expands dramatically 
at this time and begins to show evidence of invagination, a process that will be complete 
within approximately 12 hours. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 60 
Figure 1.8 
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Figure 1.8. Secondary palatal development in mouse between E11 and E16.5.  
A) A frontal view of an E11 mouse embryo. The maxillary prominences (MP), from 
which the palatal shelves develop, are situated immediately ventral to the eyes. B-F) 
Ventral views of the developing secondary palate (anterior is up). B) The maxillary 
prominences at E11.0. The secondary palatal shelves (PS) are ventral outgrowths of the 
maxillary prominence. C) By E12, the palatal shelves have significantly lengthened along 
the anteroposterior axis. D) At E13.5, the PS are more ridge-like but have not elevated. 
E) Between E14.0 and E14.5, the palatal shelves elevate and initiate fusion. Elevation is 
thought to be an extremely rapid event (on the order of minutes) once initiated and does 
not necessarily occur simultaneously for both shelves. F) By E16.5, fusion of the shelves 
is complete, separating the oral and nasal cavities. G-I) Frontal sections through the mid-
palatal region at E13.5 (G), E14.5 (H), and E16.5 (I), all in situ-stained with a riboprobe 
against Sox2, which marks the palatal shelf epithelia. The medial epithelial seam (MES) 
defines the contact point between the palatal shelves (arrowhead in H). Disintegration of 
the MES results in palatal fusion; note the absence of the MES in (I). Scanning electron 
microscopic images for A-C courtesy of Kathy Sulik 
(https://syllabus.med.unc.edu/courseware/embryo_images/). 
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Figure 1.9 
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Figure 1.9. Sox2 alleles used in this thesis research.  
The Sox2 open reading frame and the first 1 kb of the 3’ noncoding region was replaced 
with an EGFP and a loxP-flanked (floxed) neomycin cassette, resulting in a null allele. 
The Sox2IR allele was generated by replacing the 3’ UTR of the endogenous SOX2 locus 
with an internal ribosomal entry site (IRES) cassette followed by a dsRed reporter. The 
Sox2LP allele resulted from incomplete insertion of a floxed Sox2-Neo vector, resulting in 
a single loxP site 3’ of the Neo cassette.  
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Chapter 2 
 
SOX2 HYPOMORPHISM DISRUPTS DEVELOPMENT OF THE PRECHORDAL 
FLOOR AND OPTIC CUP1 
Overview 
Haploinsufficiency for the HMG-box transcription factor SOX2 results in 
abnormalities of the human ventral forebrain and its derivative structures. These defects 
include anophthalmia (absence of eye), microphthalmia (small eye) and hypothalamic 
hamartoma (HH), an overgrowth of the ventral hypothalamus. To determine how Sox2 
deficiency affects the morphogenesis of the ventral diencephalon and eye, we generated a 
Sox2 allelic series (Sox2IR, Sox2LP, and Sox2EGFP), allowing for the generation of mice 
that express germline hypomorphic levels (<40%) of SOX2 protein and that faithfully 
recapitulate SOX2 haploinsufficient human phenotypes. We find that Sox2 
hypomorphism significantly disrupts the development of the posterior hypothalamus, 
resulting in an ectopic protuberance of the prechordal floor, an upregulation of Shh 
signaling, and abnormal hypothalamic patterning. In the anterior diencephalon, both the 
optic stalks and optic cups (OC) of Sox2 hypomorphic (Sox2HYP) embryos are malformed. 
Furthermore, Sox2HYP eyes exhibit a loss of neural potential and coloboma, a common 
phenotype in SOX2 haploinsufficient humans that has not been described in a mouse 
model of SOX2 deficiency. These results establish for the first time that germline Sox2 
hypomorphism disrupts the morphogenesis and patterning of the hypothalamus, optic 
stalk, and the early OC, establishing a model of the development of the abnormalities that 
are observed in SOX2 haploinsufficient humans. 
                                                
1Langer L, Taranova O, Sulik K, Pevny L. SOX2 hypomorphism disrupts development of 
the prechordal floor and optic cup. Mech Dev. 2012;129(1-4):1-12.  
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Introduction 
 
SOX2 is a member of the SRY-related Box family of transcription factors. It 
plays a critical role in embryonic development, maintains pluripotency and self-renewal 
potential in embryonic stem cells, and was recently demonstrated to be able to cooperate 
with other factors to induce pluripotency in a variety of somatic cell types (Avilion et al., 
2003; Lai et al., 2011; Takahashi et al., 2007). Consistent with the role of SOX2 in the 
maintenance of neural potential and self-renewal, conditional ablation of Sox2 in retinal 
progenitors shifts their fate from neural to ciliary epithelial, reducing their potential to 
differentiate into post-mitotic neurons (Taranova et al., 2006; Matsushima et al., 2011). 
As a key regulator of a wide array of morphogenetic processes, SOX2 is essential for the 
normal development of the CNS, the sensory cells of the inner ear and eye, taste bud cells, 
the division of early gut and respiratory structures, and branching and epithelial cell 
differentiation in the lung (Kelberman et al., 2006; Okubo et al., 2006; Taranova et al., 
2006; Gontan et al., 2008; Domyan et al., 2011; Engelen et al., 2011). However, the 
precise role of SOX2 in the morphogenesis of many of these tissues has not been 
examined in detail. Specifically, there is a gap in our understanding of how reductions in 
SOX2 function translate into the morphological defects that are observed in humans with 
SOX2 haploinsufficiency. This genetic disorder accounts for a significant percentage of 
cases of anophthalmia, microphthalmia, and coloboma, the latter of which results from a 
failure of the embryonic optic fissure to fuse (Fantes et al., 2003; Kelberman et al., 2006; 
Bakrania et al., 2007; Schneider et al., 2009). Previous research using conditional 
ablation of Sox2 has demonstrated its importance for maintaining the neural potential of 
retinal progenitors, but the effects of germline Sox2 hypomorphism on the early stages of 
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ocular development have not been defined (Taranova et al., 2006; Matsushima et al., 
2011). SOX2 haploinsufficient humans also present with diencephalic abnormalities, such 
as hypothalamic hamartoma (HH), a benign overgrowth of the hypothalamus that is 
associated with a variety of developmental problems, cognitive deficiencies, and seizures 
(Freeman, 2003; Kelberman et al., 2006; Wallace et al., 2008). SOX2 and GLI3 mutations 
are the only reported genetic causes of human hamartomas; however, given that no 
animal model exists for HH, our current understanding of how these defects develop is 
extremely limited from both a morphological and molecular perspective. 
Previous analyses of the role of SOX2 in the morphogenesis of the mammalian 
CNS have primarily relied on the examination of (i) Sox2 heterozygous mice, (ii) mouse 
lines in which Sox2 is ablated in a spatiotemporally-specific manner, or (iii) mouse lines 
with mutations affecting Sox2 enhancers (Dong et al., 2002; Ferri et al., 2004; Kelberman 
et al., 2006; Kiernan et al., 2005; Matsushima et al., 2011; Miyagi et al., 2008; Taranova 
et al., 2006). Each of these approaches is limited with respect to their ability to model 
human SOX2 haploinsufficiency. Sox2+/- mice do not typically exhibit ocular defects, 
which are almost ubiquitous in SOX2 haploinsufficient humans, precluding the use of 
Sox2+/- mice as a model of SOX2 haploinsufficiency (Avilion et al., 2003; Ellis et al., 
2004; Kelberman et al., 2006; Taranova et al., 2006; Schneider et al., 2009). Moreover, 
the vast majority of reported human SOX2 haploinsufficiency cases result from mutations 
in the SOX2 open reading frame, most likely resulting in systemic attenuation of SOX2 
function. Therefore, models that make use of restricted modification of Sox2 expression 
do not recapitulate the genetic environment associated with human SOX2 
haploinsufficiency (Schneider et al., 2009). 
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To determine how reduced SOX2 dosage impacts the development of the neural 
ectoderm derivatives that are affected in SOX2 haploinsufficient humans, we generated a 
series of knock-in Sox2 hypomorphic (Sox2LP and Sox2IR) and null (Sox2EGFP) alleles. 
Sox2EGFP/LP and Sox2EGFP/IR (collectively referred to as Sox2HYP) mice express less than 
40% of wild type SOX2 protein levels and exhibit variable anophthalmia and 
microphthalmia, similar to SOX2 haploinsufficient humans (Ellis et al., 2004; Taranova et 
al., 2006). Sox2HYP mice exhibit a global reduction in SOX2 levels, a genetic 
environment that mimics that of SOX2 haploinsufficient humans. Here, we present a 
detailed analysis of Sox2HYP mice and ascertain the temporal onset of the ocular and 
diencephalic morphological defects that result from reduced SOX2 dosages. We find that 
Sox2HYP embryos exhibit morphological and molecular abnormalities of the posterior 
prechordal floor, including an upregulation of Shh and a downregulation of Gli3. E10.5 
Sox2HYP embryos exhibit morphological defects of the optic stalk and optic cup (OC), and 
molecular patterning abnormalities in the retinal primordium. Sox2HYP eyes exhibit 
decreased levels of Pax2 and are colobomic, a phenotype that has not been described in a 
mouse model of Sox2 deficiency. Taken together, these results (i) represent the first 
characterization of the molecular and morphological phenotype of the SOX2 mutant 
hypothalamus, a region known to be affected in SOX2 haploinsufficient humans; (ii) 
establish the morphological and molecular onset of the ocular defects observed in 
Sox2HYP mice; and (iii) establish an animal model for SOX2 deficiency-related coloboma. 
Materials and Methods 
Animals 
The generation of the Sox2IR, Sox2LP, Sox2EGFP alleles has been previously 
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described (Ellis et al., 2004; Taranova et al., 2006). Sox2IR/+ and Sox2LP/+ females were 
bred to Sox2EGFP/+ stud males to generate Sox2EGFP/IR, Sox2EGFP/LP, Sox2+/LP, Sox2+/IR and 
Sox2+/+ embryos (Taranova et al., 2006). No phenotypic differences were observed 
between Sox2+/+, Sox2IR/+, or Sox2LP/+ embryos, and these embryos were considered 
controls (Sox2CONT). Sox2EGFP/LP embryos were reported to express approximately 10% 
lower levels of SOX2 protein than Sox2EGFP/IR embryos; however, no clear phenotypic 
differences were observed between these genotypes with respect to any of the described 
phenotypes. Sox2EGFP/LP and Sox2EGFP/IR embryos are therefore are collectively referred to 
as Sox2HYP. All of the molecular and scanning electron microscopy (SEM) analyses were 
performed on a mixed C57BL/6-CD1 (Jackson Laboratories) background. Sox2HYP mice 
on this background mice display less severe but similar phenotypes to Sox2HYP C57BL/6 
mice. Whole mount morphological analyses of E13-E14 embryos were performed on a 
C57BL/6 background. All of the animal work was performed in accordance with 
University of North Carolina at Chapel Hill DLAM and IACUC approval. The date of 
vaginal plug was considered E0.5, and precise embryo stages were determined using 
established somite reference points (Chan et al., 2004). 
Genotyping protocols 
 
Sox2 alleles were genotyped using the following primer sequences and protocols: 
for the Sox2 wildtype allele, 5’- GCTCTGTTATTGGAATCAGGCTGC-3’ and 5’-
CTGCTCAGGGAAGGAGGGG-3’, (35 cycles of 15 s at 94 °C, 30 s at 55 °C, 30 s at 
72 °C); for the Sox2IR allele, 5’-GGCTCTCCTCAAGCGTATT- CAA-3’ and 5’-
TTGTAGTCGGGGATGCGGC-3’, (35 cycles of 15 s at 94 °C, 30 s at 58 °C, 45 at 
72 °C); for the Sox2LP allele, 5’-CAGCAGCCTCTGTTCCACATACAC-3’ and 5’-
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CAACGCATTTCAGTT CCCCG-3’, (35 cycles of 15 s at 94°C, 30 s at 55 °C, 30 s at 
72°C). The presence of the Sox2EGFP allele was determined visually using a UV 
fluorescent microscope. 
Tissue preparation for SEM analyses 
 
The embryos were processed in a manner similar to that described in Sulik et al., 
1994. Briefly, the embryos were fixed in 2.5% glutaraldehyde, cut manually through the 
forebrain at or near the level of the optic primordium, and post-fixed for 1–2 h in 2% 
osmium tetroxide. The samples were then dehydrated in a graded ethanol series and 
critical point dried using liquid CO2. The samples were then mounted on aluminum stubs, 
manually cleaned of debris, coated with a gold–palladium sputter-coater, and imaged on a 
JEOL 6300 scanning electron microscope. 
Tissue preparation for immunohistochemical and in situ hybridization analyses 
 
The embryos were fixed at 4 °C in a solution of phosphate buffered saline (PBS) 
and 4% paraformaldehyde for periods of 2 h to overnight, depending on the stage of the 
embryo. Following three washes in PBS, the embryos were cryoprotected in a sucrose 
gradient (10%, 20%, and 30% sucrose in PBS) and mounted in Optimum Cutting 
Temperature mounting medium (OCT, Tissue-Tek). For immunohistochemical (IHC) 
analyses, frontal 10 lm sections were blocked in a solution of 1–4% heat-inactivated goat 
serum and 0.1% Triton X-100 (Sigma). The sections were incubated with primary 
antibodies over- night at 4 °C and with secondary antibodies for 1 h at room temperature. 
For in situ analyses, 20 µm frontal or horizontal sections were incubated with 
digoxigenin (DIG)-labeled probes and visualized using enzymatic detection, following 
the manufacturer’s protocol (Roche). The following antibodies were used for this study: 
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rabbit anti-PH3 (1:1000, Abcam), rabbit anti-cleaved capase-3 (1:250, Cell Signaling), 
and Alexa Fluor 546-conjugated anti-rabbit (1:1000, Molecular Probes). The following in 
situ hybridization probes were used for this study: Nkx2.1 [Dr. A. Lamantia, (Shimamura 
et al., 1995)], Otx1 [Dr. J. P. Martinez-Barbera, (Simeone et al., 1992)], Pax2 [Dr. J.P. 
Martinez-Barbera, (Sajedi et al., 2008)], Pax6 [Dr. A. LaMantia, (Anchan et al., 1997)], 
Rax [Dr. C. Cepko, (Furukawa et al., 1997)], Shh (Dr. E. Tucker), Tbx3, [Dr. M. 
Pontecorvi, (Pontecorvi et al., 2008)], and Vax2 [Dr. G. Lemke, (Mui et al., 2005)]. At 
least three Sox2CONT and Sox2HYP embryos were analyzed for each probe. 
Measurements and statistics 
 
All of the optic stalk length measurements were made relative to the head width 
of the embryo at the optic level. E10.5 head-width measurements were made between the 
points on the surface ectoderm where the maxillary process emerges, immediately ventral 
to the eye. The optic stalk lengths were measured linearly. All of the distance 
measurements were made in triplicate using ImageJ software and averaged. The 
Mendelian ratios were examined with the two-tailed squared test using three degrees of 
freedom. The cell death and proliferation analyses were performed by computing the 
ratio of positively stained cells to the total number of cells in a predefined region. Cells 
were only considered PH3-positive if they were located along the apical edge of the 
retina. Cells were considered positive for cleaved caspase-3 if staining could be directly 
associated with a condensed or fragmented nucleus. The results are reported as the mean 
± the standard error of the mean. At least three Sox2CONT and Sox2HYP embryos were 
analyzed for cell death and proliferation and for all in situ gene expression analyses. 
Once the penetrance of the hypothalamic defect was determined, the gene expression 
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analyses were performed on severely affected embryos only (see Fig. 2.2 legend). 
Anatomic nomenclature 
 
The anatomical features referred to below are defined as follows and are 
diagrammed in Fig. 2S1. According to the revised prosomeric model of Puelles and 
Rubenstein, 2003 the prechordal floor is defined as the ventral-most aspect of the 
diencephalon and telencephalon, with a caudal limit at the posterior edge of the 
retromammillary area. The mammillary area is defined as the region surrounding the 
mammillary body anlage, which is located near the posterior limit of the prechordal floor. 
The mammillary pouch is defined as the invagination of the prechordal floor within the 
mammillary area and was used as a morphological landmark for the expression analyses 
(Garcia-Calero et al., 2006). The tuberal hypothalamus is defined as the region of the 
prechordal floor anterior to the mammillary area and posterior to the infundibulum 
(Shimamura et al., 1995). The ciliary margin of both E10.5 and E16.5 retinas is defined 
as the distal aspect of the retina. 
Results 
 
Sox2HYP embryos are recovered in Mendelian ratios and do not exhibit global 
developmental delays 
 
Sox2HYP embryos carry a Sox2EGFP null reporter allele and either the Sox2IR or 
Sox2LP hypomorphic allele. When expressed in mice, these alleles have been shown to 
result in less than 40% of wild-type SOX2 protein levels (Taranova et al., 2006). Given 
that SOX2 is required for the survival of the peri-implantation embryo, we analyzed 
genotypic ratios at different embryonic stages (E9.5–E18) to determine whether Sox2HYP 
embryos display increased embryonic lethality. Sox2HYP embryos are recovered at the 
 72 
expected Mendelian ratio (Table 2.S1). To determine whether overall development is 
delayed in Sox2HYP embryos, somite counts for E9.5 and E10.5 litters were tabulated and 
found to be similar between Sox2CONT and Sox2HYP embryos (Table 2.S1). These results 
indicate that (i) Sox2 deficiency does not lead to embryonic lethality, and (ii) the 
morphological defects observed in Sox2HYP mice are not the result of a developmental 
delay (See Table 2.S1). 
The diencephalic prechordal floor is laterally expanded in E10.5 Sox2HYP embryos 
 
SOX2 haploinsufficient humans exhibit HH, an overgrowth of the posteroventral 
diencephalon. Given the complex and dynamic morphology of the developing 
diencephalon, we used SEM to analyze this region in E9.5 and E10.5 Sox2HYP embryos. 
The SEM data revealed that the posterior prechordal floor is broader in Sox2HYP embryos 
as early as E9.5 (Fig. 2.S1D vs. E and F). By E10.5, two evaginations are visible in the 
Sox2CONT prechordal floor; the infundibulum, which is the precursor of the posterior and 
infundibular lobes of the pituitary, and the more posterior mammillary pouch (Fig. 2.1 
and Fig. 2.S2). SEM images of E10.5 Sox2HYP embryos revealed that the infundibulum is 
broadened (Fig. 2.1D vs. E and F). The infundibular widths were determined from 
measurements of histological sections, which confirmed a statistically significant 
expansion of the infundibulum in Sox2HYP embryos (Sox2CONT: 147.0 ± 3.7 µm, Sox2HYP: 
183.8 ± 10.3 µm, p < 0.05, n = a minimum of 5 for each group, Fig. 2.S3). With respect 
to the mammillary pouch, Sox2CONT embryos exhibit a singular, deep invagination of the 
posterior prechordal floor at E10.5 (Fig. 2.1A and D). The mammillary pouch of Sox2HYP 
embryos, however, is often bifurcated by a region of ectopic tissue (Fig. 2.1A, D vs. B 
and E, arrow). Unlike E10.5 Sox2CONT embryos, a subset of age-matched Sox2HYP 
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embryos exhibit protuberances in the posterior tuberal hypothalamus (Fig. 2.1D vs. F, 
arrowhead). These SEM analyses provide the first insight into the effects SOX2 
deficiency on the morphological development of the posterior prechordal floor, a tissue 
that is affected in SOX2 haploinsufficient humans (Kelberman et al., 2006). 
Shh signaling and hypothalamic patterning are disrupted in the E12.5 Sox2HYP 
prechordal floor 
 
E12.5 Sox2HYP embryos were analyzed histologically at the level of the tuberal 
hypothalamus, revealing a protuberance along the prechordal floor. Given that GLI3 has 
been implicated in human HHs, we examined Gli3 expression in the E12.5 Sox2HYP 
hypothalamic anlage (Wallace et al., 2008). In Sox2CONT embryos, Gli3 is not expressed 
along the prechordal floor from its caudal limit to approximately 60 lm anterior to the 
mammillary pouch; however, Gli3 is expressed rostral to this point (Fig. 2.2A and C). In 
Sox2HYP embryos, however, Gli3 is absent from the prechordal floor along nearly the 
entire length of the tuberal hypothalamus (Fig. 2.2B and D). Gli3 and Shh have been 
demonstrated to be mutually antagonistic in several CNS regions, including the 
developing spinal cord and telencephalon (Litingtung and Chiang, 2000; Rallu et al., 
2002). Consistent with these previous findings, Shh exhibits a nearly mutually exclusive 
expression pattern to Gli3 along the prechordal floor of E12.5 Sox2CONT embryos, i.e., it 
is expressed only at low levels in the mammillary region but is downregulated 
approximately 60 µm anterior to the mammillary pouch (Fig. 2.2A and E). In contrast, 
Shh expression is observed as far as 300 µm anterior to the mammillary pouch in Sox2HYP 
embryos (Fig. 2.2B and F). 
To determine the cell identity of the hypothalamic protuberance in Sox2HYP 
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embryos, we examined the expression of hypothalamic and neural progenitor markers. 
Examination of the expression of the hypothalamic progenitor marker Nkx2.1 revealed 
that this gene is expressed anterior to the mammillary region along the prechordal floor in 
Sox2CONT embryos but is absent in the protuberance of the prechordal floor observed in 
Sox2HYP embryos (Fig. 2.2G vs. H). We next examined Sox2CONT and Sox2HYP embryos 
for the expression of markers that define and maintain neural progenitor identity: N-
cadherin and Sox2 itself (Graham et al., 2003; Zhang et al., 2010). N-cadherin is 
expressed normally along the prechordal floor of Sox2HYP embryos, indicating that these 
cells have maintained a neural progenitor identity (Fig. 2.2I vs. J). Uniform expression of 
Sox2 is observed along the prechordal floor of Sox2CONT embryos (Fig. 2.2K). Sox2 
expression is also present throughout most of the neuroepithelium of Sox2HYP embryos 
but is nearly undetectable along the prechordal floor of the tuberal hypothalamus (Fig. 
2.2K vs. L). At E14.5, the protuberance in the Sox2HYP tuberal hypothalamus remains the 
same size as at E12.5; however, the Nkx2.1 and Shh expression patterns are unaffected 
(Fig. 2.S4B and D). These analyses indicate that morphological defects observed in the 
prechordal floor of Sox2HYP embryos are associated with disrupted Shh signaling and 
abnormal hypothalamic patterning. 
The retinal primordium of E10.5 Sox2HYP embryos is morphologically abnormal 
 
To determine the onset of the optic malformations observed in Sox2HYP mice, we 
performed whole-mount and/or SEM analyses of embryos between E9.5 and E14.5. At 
E9.5, no clear differences can be discerned between the optic vesicles of whole mount 
Sox2CONT and Sox2HYP embryos (Fig. 2.S2A–C). Sox2HYP embryos first exhibit readily 
discernable morphological defects at E10.5, during formation of the OC. In Sox2EGFP/+ 
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embryos, the EGFP reporter permits visualization of the neural retina as a ring of tissue 
surrounding the circular, SOX2-positive invaginating lens (Fig. 2.3A). In Sox2HYP 
embryos, however, the ventral aspect of the retina cannot be discerned through the 
surface ectoderm (Fig. 2.3D). By E13.5 Sox2HYP embryos exhibit coloboma, a persistence 
of the ventral optic fissure (Fig. 2.3B vs. E). Severely affected Sox2HYP embryos develop 
anophthalmia by E14.5, with only pigmented epithelial cells remaining (Fig. 2.3C vs. F). 
To determine the nature of the ventral OC defects observed in whole mount E10.5 
Sox2HYP embryos, we performed SEM analysis of the optic anlage. In Sox2CONT embryos, 
the ventral aspect of the OC is in close opposition to the surface ectoderm (Fig. 2.4A and 
D). Sox2HYP OCs, however, often exhibit an abnormal morphology, such that there is an 
increased separation between the ventral OC and the surface ectoderm (Fig. 2.4A, D vs. 
B, C, E and F), explaining why the ventral OC cannot be discerned through the surface 
ectoderm in Sox2HYP embryos (Fig. 2.3B). 
Given that E14.5 and later-stage Sox2HYP embryos exhibit microphthalmia or 
anophthalmia, we analyzed cell number, proliferation and apoptosis in E9.5 and E10.5 
retinal progenitors using Hoechst, phosphohistone H3 (PH3), and cleaved caspase-3, 
respectively. We find that cell number, proliferation, and apoptosis are not significantly 
affected in the presumptive retina of E9.5 or E10.5 Sox2HYP embryos (Fig. 2.S5A–M). 
Sox2HYP ventral optic stalks are shorter and exhibit increased cell death 
 
We hypothesized that increased separation between the ventral aspect of the Sox2HYP OC 
and the surface ectoderm results from a hypoplastic ventral optic stalk; i.e., a decrease in 
the length of the ventral optic stalk could prevent the ventral aspect of the OC from 
reaching the surface ectoderm. To test this hypothesis, we measured the length of the 
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ventral optic stalk, identifying a clear trend that, relative to the width of the head, the 
E10.5 optic stalk is shorter in Sox2HYP than in age-matched Sox2CONT embryos at the level 
of the mid OC (Fig. 2.5E, p = 0.06). 
To determine whether the observed shortening of the ventral optic stalk is the 
result of increased cell death, cleaved caspase-3 staining was analyzed in E9.5 and E10.5 
optic stalks. At E9.5, both Sox2CONT and Sox2HYP embryos exhibit cell death in the central 
portion of the ventral optic stalk, but no statistically significant difference was observed 
between Sox2CONT and Sox2HYP embryos (Fig. 2.S5G–M). At E10.5, however, cell death 
is rarely observed in the ventral optic stalk of Sox2CONT embryos, whereas cleaved 
caspase-3-positive cells are common in this tissue in Sox2HYP embryos (Fig. 2.5A, C vs. 
B and D). Regions of cell death in E10.5 Sox2HYP ventral optic stalks occasionally result 
in a “pinched” appearance, which is never observed in the ventral optic stalk of Sox2CONT 
embryos (Fig. 2.5C vs. D [arrow]). These findings are the first to characterize the early 
optic phenotype in mice with reduced SOX2 signaling and support a differential role for 
SOX2 in the development of the retinal primordium and the ventral optic stalk. Moreover, 
these results are the first to define a requirement for SOX2 in the development of the 
mammalian optic stalk. 
Characterization of the patterning of Sox2HYP neural retinas at two developmental 
stages 
 
Given that many animal models of ocular defects exhibit abnormal molecular 
patterning of the retina and/or optic stalk, we next determined whether molecular 
patterning was disrupted in the E10.5 Sox2HYP optic anlage. We examined the expression 
of proximal/ventral markers (Pax2, Vax2), which label the ventral optic stalk and ventral 
retina, the dorsal retina marker Tbx3, and a marker of the ciliary margin and retinal 
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pigmented epithelium (RPE) (Otx1) (Barbieri et al., 1999; Martinez-Morales et al., 2001; 
Nornes et al., 1990; Sowden et al., 2001). The expression of Pax6, which is present in the 
retina in a high-distal/low-proximal gradient, and Rax, which marks all retinal 
progenitors at this stage, were also examined (Baumer et al., 2002; Mathers et al., 1997; 
Matsushima et al., 2011). In the dorsal and ventral OC of Sox2HYP embryos, Tbx3 (Fig. 
2.6A and B) and Vax2 (Fig. 2.6C and D), respectively, mimic the expression patterns 
observed in Sox2CONT embryos. Within the Sox2HYP OC, Pax6 expression is increased 
(Fig. 2.6E and F) and Rax expression is largely unaffected (Fig. 2.6G and H). Given that 
(i) Pax2 is associated with coloboma in humans and mice and (ii) PAX6 and PAX2 are 
mutually antagonistic in the developing retina, we examined the expression of Pax2 in 
Sox2CONT and Sox2HYP embryos (Sanyanusin et al., 1995; Schwarz et al., 2000; Torres et 
al., 1996). Whereas Pax2 is strongly expressed in the ventral OC of Sox2CONT embryos, it 
is strongly downregulated in the Sox2HYP OC (Fig. 2.6I and J). To determine whether the 
ciliary margin and RPE are correctly specified in Sox2HYP embryos, we examined the 
expression of Otx1, which is normally expressed in the distal ciliary margin and the RPE. 
In Sox2CONT embryos at E10.5, Otx1 expression is restricted to the distal retina and the 
RPE (Fig. 2.6K). In E10.5 Sox2HYP OCs, Otx1 expression is normal in the RPE but is 
expanded into the central neural retina (Fig. 2.6L). 
To determine the fate of the distalized, Otx1-expressing cell population observed 
in E10.5 Sox2HYP OCs, we examined marker expression in the E16.5 neural retina and 
ciliary margin. In Sox2CONT eyes at E16.5, the neural progenitor marker Notch1 is 
expressed in the neuroblast layer of the central retina but is excluded from the ciliary 
margin (Fig. 2.7A and B) (de la Pompa et al., 1997). In Sox2HYP eyes, however, a greater 
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extent of the distal retina is Notch1-negative (Fig. 2.7C and D). Instead, this tissue is 
positive for the ciliary margin marker Otx1 and exhibits an epithelial morphology that is 
consistent with a ciliary margin identity (Fig. 2.7E, F vs. G and H). 
These molecular data suggest that the Sox2HYP retinal primordium is patterned 
normally at E10.5, but that (i) Pax6 expression is expanded at the expense of Pax2; and 
(ii) at both E10.5 and E16.5, cells in the distal retina have transitioned from a neural to a 
ciliary margin identity. 
Discussion 
 
Here, we present the first analyses of early hypothalamic and ocular development 
in a mouse model of human SOX2 haploinsufficiency, a genetic disorder characterized by 
severe diencephalic and ocular defects. These findings indicate that SOX2 is required for 
the proper morphogenesis and molecular patterning of the posterior prechordal plate, 
optic stalk and OC. Furthermore, these results (i) define the morphological and temporal 
onset of the defects observed in Sox2HYP embryos, and (ii) identify Shh signaling as a 
potential mediator of these abnormalities. 
In humans, SOX2 haploinsufficiency causes abnormalities in several brain regions, 
including the hypothalamus, optic nerve, and eyes (Kelberman et al., 2006). The nature 
and timing of the onset of these defects are unknown, as are the downstream pathways 
that are involved in mediating their development. We generated Sox2HYP embryos to 
directly address these questions, and thereby identified novel functions for SOX2 in the 
morphogenesis and molecular patterning of the diencephalon and the eye. The generation 
and detailed molecular analysis of Sox2HYP embryos provide an understanding of the 
molecular nature and temporal onset of the defects observed in SOX2 haploinsufficient 
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humans. Hypothalamic hamartomas are benign overgrowths of the ventral hypothalamus 
and are associated with a variety of developmental problems, cognitive deficiencies, and 
seizures (Freeman, 2003). In this study, we used SEM to obtain three-dimensional, high-
resolution images of the Sox2HYP hypothalamus, and observed that E10.5 Sox2HYP 
embryos exhibit a broad diencephalic prechordal floor from the mammillary area to the 
infundibulum. This region encompasses the tuberal region of the hypothalamus, which is 
associated with HHs in humans (Booth et al., 2004; Schneider et al., 2009). In E12.5 
Sox2HYP embryos, this expansion manifests as a protuberance into the lumen of the neural 
tube. The morphogen Shh acts as a powerful patterning agent along the length of the 
mouse neural tube, including the hypothalamus (Briscoe et al., 1999; Szabo et al., 2009). 
However, in contrast to much of the ventral midline, Shh expression is normally excluded 
from the posterior prechordal floor (Shimamura et al., 1995). Gli3, a member of the Gli 
family of transcription factors, has been demonstrated in several contexts to antagonize 
Shh signaling; a loss of Gli3 in mouse leads to an upregulation of Shh in the developing 
spinal cord (Ruiz i Altaba, 1998), and Shh and Gli3 have been shown to be functionally 
antagonistic in the mouse forebrain (Rallu et al., 2002). Consistent with these findings, 
Gli3 is normally expressed in the Shh-negative hypothalamic prechordal floor, and a loss 
of GLI3 expression in humans has been shown to result in HH. Molecular analysis of the 
protuberance observed in Sox2HYP embryos indicates that the cells at its apex ectopically 
express Shh and abnormally downregulate Gli3. These results raise the intriguing 
possibility that the hypothalamic defects that are observed in SOX2 haploinsufficient 
humans result from a dysregulation of Shh signaling. Sox2HYP embryos recover normal 
molecular patterning in the hypothalamus by late gestational stages, consistent with the 
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observation that Gli3-deficient mice, despite exhibiting nearly all of the defects that are 
associated with human GLI3 mutations, are not reported to exhibit HH (Bose et al., 2002). 
These data suggest a murine-specific compensatory mechanism in the hypothalamus. Our 
results also address the question of why the ventral hypothalamus is more severely 
affected by SOX2 deficiency than are other regions of the diencephalon. We find that that 
Sox2 expression is nearly eliminated in the prechordal floor of Sox2HYP embryos, which 
may reflect Sox2 autoregulation and explain the apparent hypersensitivity of this tissue to 
SOX2 deficiency. Consistent with this interpretation, evidence for SOX2 autoregulation 
has been observed in mouse and chick neural stems cells (Miyagi et al., 2006; Miyagi et 
al., 2004). 
Ocular defects are by far the most commonly described phenotypes in SOX2 
haploinsufficient humans and range from coloboma to bilateral anophthalmia (Ragge et 
al., 2005; Wang et al., 2008; Schneider et al., 2009). However, there is currently no 
description of the effects of germline Sox2 deficiency on oculogenesis earlier than E13.5 
in mouse, by which point mature retinal morphology has been established. Specifically, it 
is unknown what role SOX2 plays in the development of the OC or the optic stalk. We 
report that the ventral OCs of E10.5 Sox2HYP embryos are abnormally separated from the 
surface ectoderm but do not exhibit decreased cell number or proliferation or increased 
cell death. These data suggest that a hypoplastic ventral optic stalk leads to abnormal OC 
morphology. Indeed, we find that Sox2HYP optic stalks are shorter and exhibit increased 
cell death. These results are the first to define a role for SOX2 in optic stalk 
morphogenesis and indicate that germline Sox2 deficiency can disrupt OC morphogenesis 
by causing optic stalk hypoplasia. 
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The role of SOX2 in the maintenance of neural competency is well established, 
although it is unknown how germline Sox2 hypomorphism affects early retinal 
development (i.e., prior to E13.5) (Avilion et al., 2003; Favaro et al., 2009). Recent work 
from our laboratory demonstrated that conditional ablation of Sox2 from the neural retina 
at E10.5 using the Pax6α-enhancer-driven Cre results in the conversion of the retinal 
neuroepithelium to non-neural ciliary epithelium (Marquardt et al., 2001; Matsushima et 
al., 2011; Taranova et al., 2006). These data also demonstrate that SOX2 and PAX6 are 
mutually antagonistic in the retina, respectively promoting neural and ciliary fates. Distal 
(i.e., ciliary) identity is indicated by Otx1 expression and high expression levels of Pax6 
(Martinez-Morales et al., 2001; Matsushima et al., 2011). We demonstrate that although 
overall patterning of the neural retina is maintained at E10.5, the expression of Otx1 is 
centrally expanded, and Pax6 is upregulated in the Sox2HYP retina at this stage. These 
results indicate that retinal neural progenitors exhibit the first molecular indications of a 
loss of neuronal competency at E10.5 in the absence of the full complement of SOX2 
dosage, defining a temporal requirement for SOX2 in the establishment of neural fate in 
the mouse OC. Consistent with the results of the E10.5 expression analyses, E16.5 
Sox2HYP eyes lack expression of the neural progenitor marker Notch1 in the distal retina. 
Instead, this region expresses Otx1 and exhibits an epithelial morphology consistent with 
a ciliary margin identity. The ciliary fate transition that is observed in Sox2HYP retinas is 
intriguing in that it suggests a mechanism by which microphthalmia develops, i.e., the 
expansion of the more slowly proliferating, non-neural, ciliary epithelium would be 
expected to result in a smaller retina; however, this hypothesis will have to be directly 
addressed. 
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Coloboma is a ventral eye deformity that frequently afflicts human carriers of 
SOX2 mutations but which has not been described in a mouse model of SOX2 deficiency 
(Schneider et al., 2009). PAX2 is also associated with coloboma in humans and mouse, 
and its expression is strongly downregulated in the ventral Sox2HYP OC (Sanyanusin et al., 
1995; Torres et al., 1996), suggesting a mechanism by which SOX2 deficiency results in 
coloboma. 
The question naturally arises of why certain regions of the neuroepithelium are 
more severely affected by SOX2 deficiency than others. One possible explanation 
involves the other SOXB1 family members, SOX1 and SOX3, which are also broadly 
expressed in the developing neural tube, where their functions are thought to be partially 
redundant (Bylund et al., 2003; Graham et al., 2003; Wood and Episkopou, 1999). 
However, Sox1 and Sox3 are not expressed in the neural retina following OC 
invagination, and Sox1 is excluded from the ventral midline (Aubert et al., 2003; 
Kamachi et al., 1998). Given that these two tissues are the most severely affected in 
Sox2HYP embryos, these expression profiles fit a model in which (i) a certain degree of 
SOXB1 dosage is required in all regions of the neural epithelium; and (ii) the neural 
retina and the ventral midline are the most sensitive tissues to Sox2 deficiency. The 
phenotypes of Sox3- and Sox1-deficient mice are consistent with this hypothesis (Donner 
et al., 2007b; Malas et al., 2003; Rizzoti et al., 2004). 
In summary, this is the first study to describe early diencephalic and optic 
development in a mouse model of human SOX2 haploinsufficiency. Our results 
demonstrate that SOX2 is required for proper formation and patterning of the pre-chordal 
floor, optic stalk, and the OC. All of the phenotypes of Sox2HYP embryos recapitulate 
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those described in SOX2 haploinsufficient humans.  
Furthermore, this work provides significant insights into the temporal and 
molecular requirements for SOX2 in the morphogenesis and patterning of the mammalian 
CNS.
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Figure 2.1
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Figure 2.1.  Scanning electron analyses of the posterior ventral diencephalon in 
E10.5 Sox2CONT and Sox2HYP embryos. 
 
(A–C) Posterior-facing views of Sox2CONT (A) and Sox2HYP (B and C) E10.5 diencephala. 
Scale bars for A–C: 100 µm. (D–F) Magnified images of the regions outlined in blue in 
(A-C) showing the mammillary region, tuberal hypothalamus, and infundibulum of 
Sox2CONT (D) and Sox2HYP (E and F) embryos. Sox2CONT mammillary pouches appear as 
singular midline invaginations. (D) In contrast, Sox2HYP mammillary pouches are often 
divided by ectopic, undescended tissue (arrow in E). The infundibula of Sox2HYP embryos 
are expanded relative to those of Sox2CONT embryos (D vs. E, F, red asterisks). A subset 
of Sox2HYP embryos exhibit a protuberance in the tuberal hypothalamus by E10.5 
(arrowhead). Scale bars for D–F: 50 µm. MP: mammillary pouch; TH: tuberal 
hypothalamus; I: infundibulum. 
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Figure 2.2 
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Figure 2.2. Disrupted Shh signaling and hypothalamic patterning in E12.5 Sox2HYP 
embryos. 
 (A and B) Diagram illustrating Shh and Gli3 expression in Sox2CONT (A) and Sox2HYP 
(B) embryos. The yellow lines indicate the approximate levels of the cuts in C– L. (C and 
D) The Shh signaling antagonist Gli3 is expressed in the prechordal floor of Sox2CONT (C) 
embryos between the mammillary region and the infundibulum, but is downregulated in 
this region in Sox2HYP (D) embryos. (E and F) Shh expression in the prechordal plate of 
Sox2CONT (E) and Sox2HYP (F) embryos. Shh is normally excluded from the prechordal 
floor between the mammillary region and the infundibulum (E), but remains expressed in 
this region in Sox2HYP embryos (F). (G and H) Nkx2.1 is normally expressed throughout 
the ventral hypothalamus (G) but is excluded from the prechordal floor in Sox2HYP (H) 
embryos. (I and J) N-cadherin is normally expressed in all neural progenitors (I), and this 
expression pattern is largely maintained in Sox2HYP (J) embryos. (K and L) Sox2 is also 
expressed in all neural progenitors in Sox2CONT (K) embryos, but is strongly 
downregulated in the prechordal floor of Sox2HYP (L, arrowhead) embryos. A clear 
protuberance is present in most Sox2HYP embryos (13/15 examined). 
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Figure 2.3 
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Figure 2.3. Temporal sequence of the ocular phenotype in whole-mount Sox2HYP 
embryos. 
 (A and D) Lateral views of E10.5 whole mount Sox2EGFP/+ (A) and Sox2HYP (D) heads. In 
Sox2EGFP/+ embryos, the ring of the distal optic cup (OC) can be seen ventral and 
posterior to the telencephalic vesicle (T), contacting the surface ectoderm. The SOX2-
positive lens is visible in the center of the ring. In contrast, the ventral aspect of the distal 
OC is not visible in the Sox2HYP embryo (red arrow, D). (B and E) Lateral views of E13.5 
whole mount Sox2EGFP/+ (B) and Sox2HYP (E) eyes. In the Sox2EGFP/+ embryo, the black 
retinal pigment epithelium surrounds the entire outer surface of the eye. In contrast, the 
ventral optic fissure of the Sox2HYP eye has failed to close, a defect referred to as 
coloboma (red arrowhead, E). (C and F) E14.5 whole mount Sox2CONT (C) and Sox2HYP 
(F) embryos. A round, symmetric eye with a visible lens is present in the Sox2CONT 
embryo, whereas only a remnant of the retinal pigmented epithelium can be seen in the 
Sox2HYP embryo. 
 
 
 
 
 
 
 
 
 
 90 
Figure 2.4 
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Figure 2.4. Scanning electron analyses of the optic anlage of E10.5 Sox2CONT and 
Sox2HYP embryos. 
 (A and D) Low- (A) and high- (D) magnification views of an E10.5 Sox2CONT OC. The 
distal OC is in close contact with the surface ectoderm, with a slight ventral separation 
(yellow line). B, C, E and F) Low- (B and C) and high- (E and F) magnification views of 
E10.5 Sox2HYP OCs. The distance between the ventral OC and the surface ectoderm is 
increased in Sox2HYP embryos (yellow lines in E–F). Scale bars: 100 µm. L: lens, OC: 
optic cup, SE: surface ectoderm. 
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Figure 2.5 
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Figure 2.5. Morphological and cell death analyses in the ventral optic stalk of E10.5 
Sox2CONT and Sox2HYP embryos. 
 (A and B) Sox2CONT (A) and Sox2HYP (B) optic stalks stained for cleaved caspase-3. 
Positively stained cells are more common in Sox2HYP optic stalks (arrow in D). Red 
staining on the dorsal surface of the optic stalk does was not associated with nuclei and 
was not included in the analysis. (C and D) Magnified images of the regions outlined in 
(A) and (B), respectively. (E) Quantification of optic stalk length (optic stalk length/head 
width = 0.504 ± 0.004 and 0.492 ± 0.004 for Sox2CONT and Sox2HYP optic stalks, 
respectively, p = 0.06, n = 11 optic stalks for both groups). D: distal, P: proximal. 
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Figure 2.6 
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Figure 2.6. In situ analyses of patterning markers in E10.5 Sox2CONT and Sox2HYP 
embryos. 
 (A–D) The expression of the dorsal/ ventral patterning markers Tbx3 (A and B) and 
Vax2 (C and D) are unaffected in Sox2HYP embryos. Pax6 (E and F) expression is 
upregulated in Sox2HYP OCs (arrow F). (G and H) The expression of the retinal 
progenitor marker Rax is observed in all neural progenitors of the central retina in both 
Sox2CONT (G) and Sox2HYP (H) OCs. (I and J) Pax2 is expressed throughout the ventral 
retina in Sox2CONT embryos (I) but is strongly downregulated in the Sox2HYP OC (J, 
arrow). The expression of the early ciliary margin marker Otx1 is observed in the retinal 
pigmented epithelium and distal retina in Sox2CONT embryos (K) but is expanded 
centrally in Sox2HYP OCs (L, brackets). A minimum of n = 3 Sox2CONT and Sox2HYP 
embryos were analyzed for each in situ probe. 
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Figure 2.7 
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Figure 2.7. In situ analyses of Notch1 and Otx1 expression in E16.5 Sox2CONT and 
Sox2HYP eyes.  
(A–D) Notch1 expression in E16.5 Sox2CONT (A and B) and Sox2HYP (C and D) eyes. 
Notch1 expression is notably absent from a wide portion of the distal retina in Sox2HYP 
eyes. (B) and (D) are magnified images of the indicated areas in (A) and (C), respectively. 
(E–H) Otx1 expression in E16.5 Sox2CONT (I) and Sox2HYP (K) eyes. Otx1 expression is 
expanded in Sox2HYP eyes. (F) and (H) are magnified images of the indicated areas in (E) 
and (G), respectively. D: dorsal, V: ventral. 
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Figure 2S.1 
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Figure 2.S1. Morphology of the optic vesicle and diencephalon in E9.5 Sox2CONT and 
Sox2HYP embryos. 
 
 (A-C) Whole mount E9.5 (24–26 somites) Sox2CONT (A) and Sox2HYP (B, C) embryos. 
No clear differences are observed between the Sox2CONT and Sox2HYP optic vesicle at this 
stage. (D-F) Posterior-facing SEM images of the same embryos shown in A-C. The 
diencephalon of Sox2HYP embryos already appears broader. Scale bars in D-F: 100 µm. 
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Figure 2S.2 
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Figure 2.S2. Diencephalic regionalization at E10.5. 
 A) Posterior-facing view of a Sox2CONT diencephalon cut frontally at the optic level. B) 
Magnified view of the area outlined in (A). The prechordal floor, outlined with a dotted 
line, extends along the ventral midline of the diencephalon and the telencephalon. The 
mammillary pouch (MP) is an invagination of the posterior diencephalon and is 
surrounded by the mammillary area (MA, pseudo-colored green). The tuberal 
hypothalamus (TH, pseudo-colored red) extends from the mammillary area to the 
infundibulum (I). 
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Figure 2S.3 
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Figure 2.S3. Infundibular widths of Sox2CONT and Sox2HYP embryos. 
 (A-C) Examples of Sox2CONT (A) and Sox2HYP (B, C) infundibula at similar 
anteroposterior levels. (D) Quantification of infundibular widths (Sox2CONT: 147.0 ± 3.7 
µm, Sox2HYP: 183.8 ± 10.3 µm, n = 6 for each group). Scale bars: 100 µm. 
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Figure 2S.4 
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Figure 2.S4. Diencephalic abnormality at E14.5.  
(A, B). Horizontal sections from E14.5 Sox2CONT (A) and Sox2HYP embryos (B) at the 
level of the tuberal hypothalamus, stained for Nkx2.1. (C, D) Serial horizontal sections 
from E14.5 Sox2CONT (C) and Sox2HYP (D) embryos at the level of the tuberal 
hypothalamus, stained for Shh. Although the protuberance is still present at this stage, 
molecular patterning has returned to normal. 
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Figure 2S.5 
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Figure 2.S5. Cell number, proliferation, and apoptosis are unaffected in E9.5 – 
E10.5 Sox2HYP retinal progenitors and E9.5 optic stalks. 
 
 (A-C) Frontal sections at the optic level from E9.5 Sox2CONT (A) and Sox2HYP (B, C) 
embryos stained for PH3. (D-F) Frontal sections at the optic level from E10.5 Sox2CONT 
(D) and Sox2HYP (E, F) embryos stained for PH3. (G-I) Frontal sections at the optic level 
from E9.5 Sox2CONT (G) and Sox2HYP (H, I) embryos stained for cleaved caspase-3. (J-L) 
Frontal sections at the optic level from E10.5 Sox2CONT (J) and Sox2HYP (K, L) embryos 
stained for cleaved caspase-3. The percentage of cleaved caspase-3-positive cells in 
retinal progenitors did not differ between Sox2CONT and Sox2HYP embryos at E9.5 or 
E10.5. No statistically significant difference was observed in the percentage of apoptotic 
cells in E9.5 optic stalks. Blue staining labels cell nuclei (Hoechst). (M) Quantification of 
retinal cell number (upper), retinal PH3 staining (middle), and cleaved caspase-3 staining 
in the E9.5 optic stalk (lower). (n = 3 for each E9.5 and E10.5 Sox2CONT and Sox2HYP 
embryos). 
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Table 2S.1 
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Table 2S.1:  Embryo tallies for four developmental periods (E9. 5, E10.5, E11.5 – 
E13.5, and E16.0 – E18.5) and respective statistical analyses using the Chi-squared test 
(three degrees of freedom). None of the stages analyzed demonstrated a significant 
deviation from the expected Mendelian ratio. Somite analyses for E9.5 and E10.5 
embryos show no differences between Sox2CONT and Sox2HYP embryo somite counts as 
determined by Student’s t-test. 
 
 
 
 
 
 
 
 
    Chapter 3 
 
CLEFT PALATE IN A MODEL OF SOX2 HAPLOINSUFFICIENCY2 
Objective: While SOX2 mutations are typically recognized as yielding ocular and CNS 
abnormalities, they have also been associated with other craniofacial defects. To 
elucidate the genesis of the latter, Sox2 hypomorphic (Sox2HYP) mice were examined, 
with particular attention to secondary palatal development. 
Results: Clefts of the secondary palate were found to be highly penetrant in Sox2HYP 
mice. The palatal clefting occurred in the absence of mandibular hypoplasia and is 
associated with delayed or failed shelf elevation. 
Conclusions: Sox2 hypomorphism can result in clefting of the secondary palate, an effect 
that appears to be independent of mandibular hypoplasia and is thus expected to result 
from an abnormality that is inherent to the palatal shelves and/or their progenitor tissues. 
Further clinical attention relative to SOX2 mutations as a basis for secondary palatal 
clefts appears warranted. 
Introduction 
 
SOX2 is an HMG-box domain-containing transcription factor that is widely 
expressed in the developing nervous system (Kamachi, et al., 1998). Humans with SOX2 
mutations/haploinsufficiency commonly exhibit severe ocular and CNS defects, as well 
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as craniofacial abnormalities, with micrognathia and facial asymmetry also being 
reported (Fantes, et al., 2003; Kelberman, et al., 2006; Zenteno, et al., 2006; Schneider, et 
al., 2009). Notably, cleft palate has also been reported, but in only one case (Male, et al., 
2002). Sox2 hypomorphic (Sox2HYP) mice were generated to model human SOX2 
haploinsufficiency (Taranova, et al., 2006).  These mice express from 20–40% of WT 
SOX2 protein levels and have been previously reported to develop neural tube and ocular 
defects that are similar to those observed in SOX2 haploinsufficient humans (Langer et 
al., 2012; Taranova et al., 2006). The present study further characterizes the craniofacial 
defects in this mouse model.   
Materials and Methods: 
Animals 
 
The generation of Sox2IR and Sox2EGFP alleles was previously described (Ellis, et 
al., 2004; Taranova, et al., 2006). For the current study, Sox2IR/+ females were bred to 
Sox2EGFP/+ males, generating Sox2EGFP/IR (Sox2HYP), Sox2+/IR and Sox2+/+ embryos and 
fetuses. Mice with the latter two genotypes are phenotypically indistinguishable and were 
considered controls (Sox2CONT) (Taranova, et al., 2006). Genotyping was performed as 
described in Langer, et al., (2012). All analyses were performed on a CD1 background. 
The morning of vaginal plug detection was considered embryonic day (E) 0.5, and 
embryo/fetus staging was based on limb morphology (Kaufman, 1992). Embryos and 
fetuses were harvested on E13.5–E16.5 following maternal sacrifice. The described 
animal work was performed in accordance with University of North Carolina at Chapel 
Hill DLAM and IACUC approval.  
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Tissue preparation for whole-mount palate analyses 
 
Immediately following collection, the E13.5–E16.5 embryos/fetuses were fixed in 
2.5% gluteraldehyde at 4°C. The mandibles were removed from the heads to permit 
visualization of the palatal primordium/palate. The remaining portion of the head was 
incubated for 5 min in a solution of 1:750 ethidium bromide and imaged under green 
fluorescent light. 
 
Analysis of relative mandibular length 
 
E16.5 Sox2CONT and Sox2HYP fetuses were dissected in chilled phosphate-buffered 
saline (PBS), cut below the forelimbs, and fixed in room-temperature 10% phosphate-
buffered formalin for two weeks. The fixed fetuses were placed in a pre-made mold, 
enabling the consistent positioning of the sample. The vertical midpoint of the ear was 
established, and the nasomaxillary (upper jaw) and mandibular (lower jaw) lengths were 
measured from this point. To control for slight deviations in the orientation of the fetus, 
the mandibular to nasomaxillary length ratio, rather than absolute measurements, of the 
two groups were compared. Nine measurements for each metric were averaged, and these 
averages were used to determine the mandibular to nasomaxillary length ratios. The 
measurements were performed with ImageJ v. 1.43u software. 
Tissue preparation for in situ hybridization 
 
 E13.5–E16.5 embryos and fetuses were fixed at 4°C in a solution of PBS and 4% 
paraformaldehyde. Following three PBS washes, the embryos were cryoprotected in a 
sucrose gradient and mounted in Optimum Cutting Temperature mounting medium 
(OCT, Tissue-Tek). For in situ analyses, 20-µm frontal sections were incubated with 
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digoxigenin (DIG)-labeled probes and visualized using enzymatic detection, following 
the manufacturer’s protocol (Roche). A probe against Sox2 (a kind gift from Dr. Lovell-
Badge) was used to show Sox2 expression, and a probe against Tbx2 was used to mark 
the palatal shelves for the morphological analyses (Pontecorvi, et al., 2008).  
Statistical Analyses 
 
The proportions of Sox2HYP embryos that exhibited defects of either the left or the 
right palatal shelf were analyzed using a two-tailed Chi-squared test. The ratios of the 
mandibular to nasomaxillary lengths of E16.5 Sox2HYP and Sox2CONT fetuses were 
compared using Student’s t-test. The data are given as the mean±SEM. Significance was 
defined as p<0.05. 
Results 
 
Sox2 expression in the palatal primordium 
 
In situ staining for Sox2 in the secondary palatal primordium of E13.5–E16.5 
Sox2CONT mice reveals expression throughout the secondary palatal epithelium (arrows in 
Fig. 3.1A–C). 
Gross morphological analysis of the secondary palate in Sox2HYP mice 
 
As was observed in whole-mounts, the developing secondary palatal shelves of 
Sox2HYP embryos were indistinguishable from those of the controls at E13.5 (Fig. 3.1D 
vs. G). At E14.75, however, when Sox2CONT palatal shelves have elevated and initiated 
fusion, the shelves of Sox2HYP mice are abnormally separated, with consistently unilateral 
defects in the anterior third of the palatal shelf (Fig. 3.1E vs. H). By E16.5, when fusion 
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is complete in Sox2CONT fetuses, a broad cleft is apparent in Sox2HYP embryos (Fig. 3.1F 
vs. I). In newborns, nearly 70% (8/12) of Sox2HYP mice exhibit secondary palatal clefting. 
Histological analysis of the Sox2HYP secondary palate 
 
Frontal (coronal) histological sections of Sox2HYP mice also illustrate that at 
E13.5, the Sox2HYP palatal shelves are similar to those of Sox2CONT embryos (Fig. 3.2A, 
C, vs. B, D). At E14.75, all of the mutants that exhibited clefting (5/5) also exhibited a 
unilateral failure of shelf elevation, either specifically in the anterior region (4/5) or along 
the entire length of the secondary palate (1/5), such that the shelf was oriented vertically 
(Fig. 3.2E vs. F). At E16.5, most of the affected Sox2HYP embryos exhibited elevated 
palatal shelves (Fig. 3.2I, K vs. J, L). No significant bias was observed with respect to the 
laterality of the elevation defect (3 left, 8 right, χ2=2.3, p=0.13). 
Analysis of the relative mandibular length in Sox2HYP embryos 
 
SOX2 haploinsufficient humans exhibit micrognathia (Zenteno, et al., 2006). 
Because this defect has been associated with delayed palatal shelf elevation, an analysis 
was performed of the relative length of the upper (nasomaxillary complex) and lower jaw 
(mandible), an important metric in the context of the mandibular influence on palatal 
development (Diewert, 1979; Latham, 1966). The mandible/nasomaxillary length ratios 
of Sox2HYP embryos were observed to be higher than those of Sox2CONT embryos, 
indicating that the mandible is not shortened in Sox2HYP embryos (Sox2CONT: 
0.913±0.004; Sox2HYP: 0.927±0.004, p=0.03) (Fig. 3.3A vs. B). In fact, the data indicate 
that the mandible is relatively longer in Sox2HYP embryos. Analysis of the raw 
mandibular and nasomaxillary length measurements did not reveal significant differences 
between the Sox2HYP and the Sox2CONT embryos with respect to the absolute lengths of 
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these facial structures (data not shown). These data indicate that the cleft palate that is 
observed in Sox2HYP embryos is unlikely to be due to micrognathia. 
Discussion 
 
Although the results of this study indicate that Sox2HYP mice develop cleft palate 
at a high penetrance, this defect has only rarely been reported in association with SOX2 
mutations in humans (Male, et al., 2002). This may reflect the fact that SOX2 
haploinsufficiency results in extremely variable phenotypes, even among individuals that 
carry identical mutations and in monozygotic twins (Zenteno, et al., 2006; Zhou, 2008). 
Most commonly, ocular and neural phenotypes have been reported.  Given that cleft 
palate is not classically associated with SOX2 haploinsufficiency, this genetic defect may 
be readily missed/overlooked in patient populations.  
Of interest, phenotypes that result from SOX2 haploinsufficiency overlap 
considerably with those of the CHARGE association. Moreover, CHD7, a protein that is 
encoded by the gene that is most commonly mutated in CHARGE, was recently shown to 
physically interact with SOX2, lending support to the premise that direct or indirect 
interference with SOX2 activity should be considered important relative to the genesis of 
craniofacial malformations, including clefting (Engelen et al., 2011; Kelberman et al., 
2006; Zentner et al., 2010).  
Although it is clear from this study that Sox2 hypomorphism-induced palatal 
clefting can occur in the absence of micrognathia (i.e., is not a result of tongue 
obstruction as is considered likely in the Pierre Robin sequence), the developmental basis 
for the clefting remains unknown. However, considering that Sox2 is expressed in the 
epithelium of the palatal primordia, failure of the secondary palatal shelves to unite 
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appears likely to be an inherent abnormality of the palatal shelves. Additional 
experiments to explore this premise are warranted.      
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Figure 3.1 
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Figure 3.1: SOX2 expression in the palatal epithelium and the gross secondary 
palatal morphology of Sox2CONT and Sox2HYP embryos. 
 
(A-C) Sox2 expression in the palatal epithelium of E13.5 (A), E14.75 (B), and E16.5 
Sox2CONT embryos. The sections were taken at the mid optic level. SOX2 is expressed 
throughout the palatal epithelium at all of the examined stages (arrows). (D-F) 
Morphology of the Sox2CONT palate at E13.5 (D), E14.75 (E), and E16.5 (F). (G-I) 
Morphology of the Sox2HYP palate at E13.5 (G), E14.75 (H) and E16.5 (I). At E13.5 (D, 
G), no clear difference can be observed between Sox2HYP and Sox2CONT secondary 
palates. By E14.75 (H) the palate is cleft and there is a clear defect in the anterior third of 
the Sox2HYP palate (arrowhead). At E16.5 (I), the cleft is broad and asymmetry of the 
palatal shelves can be observed in a subset of Sox2HYP embryos (arrow). 
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Figure 3.2 
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Figure 3.2: Histological analysis of palatal morphology of Sox2CONT and Sox2HYP 
embryos. 
(A–D) Anterior and posterior frontal sections of E13.5 Sox2CONT embryos (A, C) and 
Sox2HYP embryos (B, D). No clear differences were observed between Sox2HYP and 
Sox2CONT palates at this stage. (E–H). Anterior and posterior frontal sections of E14.5 
Sox2CONT embryos (E, G) andSox2HYP embryos (F, H). In affected Sox2HYP embryos, one 
of the palatal shelves is consistently unelevated at this stage (arrowhead in F), and the 
shelves fail to extend to the midline in more posterior regions (arrow in H). (I-L) Anterior 
and posterior frontal sections of E16.5 Sox2CONT embryos (I, K) and Sox2HYP embryos (J, 
L). Both palatal shelves have elevated in Sox2HYP embryos, but fusion has not occurred. 
All of the sections were stained with an in situ probe against Tbx2. 
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Figure 3.3 
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Figure 3.3: Analysis of relative mandible lengths in Sox2HYP embryos. 
E16.5 Sox2CONT (A) and Sox2HYP (B) embryos with lines indicating the location of the 
measurements that were made to determine nasomaxillary (upper jaw; top line) and 
mandibular (lower jaw; bottom line) lengths. Micrognathia was not observed in the 
Sox2HYP fetuses. (Please note that the bright area in front of the nose in A & B is part of 
the specimen holder.) 
 
 
     
    Chapter 4 
                    DISCUSSION 
4.1 A Summary of the Novel Findings 
 
The work described in this dissertation resulted in a number of novel findings. 
Regarding brain development, it was discovered that the posterior prechordal floor of 
Sox2HYP embryos is abnormally broad as early as E9.5. By E10.5, this phenotype is 
clearly evident between the mammillary area and the infundibulum, the latter of which is 
occasionally so wide that no evidence of an invagination is visible. By E12.5, a clear 
protuberance can be observed from the ventral midline anterior to the mammillary area. 
This protuberance exhibits an expression pattern that is uncharacteristic of this region of 
the ventral midline. Specifically, whereas Shh expression is normally absent and Gli3 
expression is strong along the ventral midline of the posterior hypothalamus, the 
protuberance that is observed in Sox2HYP embryos exhibits the inverse pattern, namely 
upregulated Shh expression and an absence of Gli3. Moreover, the cells of this 
protuberance do not express the pan-hypothalamic anlage marker Nkx2.1, but retain the 
expression of the neural progenitor marker N-Cadherin. These results suggest that these 
cells have lost regional, but not neural progenitor, identity. 
With respect to eye development, it was found that Sox2HYP embryos do not 
exhibit increased cell death in the OV at E9.5 or the OC at E10.5, nor were decreased cell 
numbers observed at either of these stages. The OCs of E10.5 Sox2HYP embryos were 
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ventrally oriented, a defect that was determined to most likely be due to a hypoplastic 
ventral optic stalk, which exhibited increased cell death in its central region. At both 
E10.5 and E16.5, the proximodistal patterning of the OC was characterized by an 
expansion of the expression domain of the ciliary margin marker Otx1 and a contraction 
of the expression domain of the neural retina marker Notch1. Consistent with previous 
findings, the remaining neural retina was noticeably thinner at E16.5. These results 
indicate that the portion of the retina that is competent to give rise to neurons is decreased 
in Sox2HYP embryos and that central neural retinal cells have reduced proliferative and/or 
neurogenic capacity. The proximodistal patterning of the optic anlage as a whole (i.e., 
including the RPE and the optic stalk), was found to be largely normal with two major 
exceptions, namely, the proximal expansion of the Pax6 expression domain and the 
proximal contraction of the Pax2 expression domain. By E13.5, Sox2HYP embryos exhibit 
colobomata, an abnormality that is also observed in mildly affected humans with SOX2 
haploinsufficiency. 
It was also discovered that Sox2HYP mice exhibit a high penetrance of cleft palate 
at birth. While Sox2HYP palatal shelves appear normal at E13.5, by E14.75 the shelves of 
Sox2HYP mice are abnormally separated, with consistently unilateral defects in the anterior 
third of the palatal shelf. It was further determined that this defect was not due to 
micrognathia.  
4.2 Differential Sensitivity of Neural and Ocular Tissues to Decreased Sox2 Dosage 
 
The particular sensitivity of the developing eye and the posterior ventral 
hypothalamus to Sox2 deficiency is notable. There are several non-mutually exclusive 
possibilities that may explain this phenomenon. For example, although Sox2 is expressed 
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ubiquitously throughout the neuroepithelium, its levels of expression may vary 
regionally, such that cell populations that express lower levels of protein may be more 
affected by a further decrease in dosage. Differences in Sox2 neural epithelial expression 
levels have indeed been observed (Uchikawa, et al., 2011). Alternatively, the specific 
pathways in which Sox2 is involved may vary in space and over time, such that certain 
cell- or tissue-level events have more sensitive Sox2 dosage requirements. In this case, a 
decrease in Sox2 levels may be expected to have greater effects in one region than 
another. A third explanation for the increased sensitivity of certain tissues, and the one 
for which there is perhaps the most evidence, considers both the compensatory abilities of 
the other SOXB1 factors and their respective expression patterns. As mentioned in the 
Introduction, Sox1, Sox2, and Sox3 have been demonstrated to be functionally redundant 
in specific contexts (Bylund et al., 2003; Graham et al., 2003; Pevny et al., 1998). 
However, Sox1 and Sox3 are not expressed in the neural retina following OC invagination, 
and Sox1 is excluded from the ventral midline (Kamachi et al., 1998; Aubert et al., 2003). 
Given that these two tissues are the most severely affected in the developing nervous 
system of Sox2HYP embryos, these expression profiles fit a model in which (i) a certain 
degree of SOXB1 dosage is required in all regions of the neural epithelium; and (ii) the 
neural retina and the ventral midline are the most sensitive tissues to SOX2-deficiency. 
The phenotypes of SOX3- and SOX1-deficient mice are consistent with this hypothesis. 
Specifically, Sox3-null embryos exhibit morphologically abnormal ventral 
hypothalamuses, and neither Sox3- nor Sox1 null mice are reported to exhibit retinal 
defects (although the latter are small-eyed, possibly due to defective lens development) 
(Aubert et al., 2003; Donner et al., 2007b; Malas et al., 2003; Rizzoti et al., 2004). It 
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should be emphasized that this hypothesis does not require that each of the SOXB1 
factors contribute equally in neural development, only that their respective contributions 
are required.  
To test this hypothesis, one could generate a mouse line in which a transgenic 
Sox1 allele is under the inducible control of either a Nkx2.1 promoter, which is active 
throughout the hypothalamic anlage, or a Lhx2 promoter, which is active in all retinal 
progenitors (Lazzaro et al., 1991; Porter et al., 1997; Sussel et al., 1999). By inducing 
ectopic Sox1 expression in the retina and the hypothalamus (or, similarly, Sox3 in the 
retina alone) in a Sox2HYP background, one could determine whether SOXB1 dosage, 
rather than the presence of one specific protein, is a determining factor in the normal 
development of the OC and ventral hypothalamus. 
4.3 The Effects of Sox2 Deficiency on the Posterior Prechordal Floor 
 
Morphological defects were found in the hypothalamic anlage of Sox2-deficient 
mice that shed light on the genesis of HHs, which occur in humans with SOX2 mutations. 
In E12.5 Sox2HYP embryos, this defect was characterized by a protuberance of the tuberal 
hypothalamus into the neural tube lumen. Shh was abnormally expressed in this 
protuberance. Additionally, expression of the gene that encodes the Shh functional 
antagonist, Gli3 (the only other gene that has been linked with hypothalamic hamartoma 
in humans), was abnormally absent. Notably, it is the tuberal hypothalamus where HHs 
are commonly located in humans (Freeman, 2003). Moreover, Shh was found to be 
downstream of Sox2 in adult neural progenitors and was hypothesized to act as a mitogen 
in this context. This previous result suggests a mechanism by which the observed 
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hypothalamic protuberance forms and expands in Sox2HYP mice and possibly by which 
hamartomas form in cases of SOX2 haploinsufficiency (Favaro, et al., 2009).  
Of interest, a recent study described two patients with SOX2 haploinsufficiency who 
presented with slowly growing pituitary tumors. It was not specifically stated whether the 
source of the tumor was the (non-neural) anterior or posterior pituitary. This may reflect 
difficulty in making this determination without histological analyses. Whereas disrupted 
inhibition of Wnt signaling was suggested to be the causative mechanism (Alatzoglou, et 
al., 2011) of these tumors, the results of the current study suggest that disrupted Shh 
signaling may also be a factor.  
With the current findings that implicate the reduction or loss of Sox2 function in 
congenital benign growths as well as active tumors localized within or near the 
hypothalamo-pituitary interface, a potentially unique region-specific role for Sox2 is 
considered probable. The targeted disruption of Sox2 in the progenitors of the ventral 
hypothalamus, the neurohypophysis, and the adenohypophysis at different developmental 
stages will likely be required to better understand Sox2’s complex role in this region. 
4.4 A Novel Role for Sox2 in the Optic Stalk 
 
An unexpected outcome of this thesis work is that Sox2 is required for the 
survival of cells in the central optic stalk. It was observed that decreased length of the 
optic stalk, which was presumably caused by increased levels of apoptosis in this tissue, 
affected the orientation of the OC at E10.5, such that the ventral aspect of the retina was 
abnormally separated from the surface ectoderm. It should be noted, however, that this 
effect was not evident in later-stage embryos, in which the OC appeared to be oriented 
similarly to those of Sox2CONT embryos. Although it appears that the OC orientation 
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defect is subsequently “corrected”, it should not be concluded that hypoplasia of the optic 
stalk is unimportant in the context of other of the observed phenotypes. For example, it 
has been shown that FGF signaling from the optic stalk is a requirement for the initiation 
of differentiation in the retina (Martinez-Morales et al., 2005). Therefore, the loss of cells 
from the OS prior to or during retinal neuron differentiation may impact the onset or 
progression of differentiation in the Sox2HYP retina. Differentiating the role of Sox2 in the 
optic stalk versus the adjacent neural retina would require the use of an optic stalk-
specific Sox2 knockout. Unfortunately, two of the genes that are often cited as being optic 
stalk-specific (Pax2 and Fzd5), and therefore with presumably ideal enhancers with 
which to address this question, are also expressed in the ventral and central retina, 
respectively (Burns et al., 2008; Nornes et al., 1990). Therefore, true optic stalk-specific 
genes (or enhancers) must first be characterized.  
4.5 Loss of PAX2 Expression as a Possible Mediator of SOX2 Deficiency-Induced 
Colobomata 
 
The observation that the expression domains of Pax6 and Pax2 are respectively 
expanded and contracted in the Sox2HYP OC offers perhaps the most direct mechanistic 
insight into how Sox2 deficiency results in a specific morphological defect, namely, 
coloboma. Among the many human genes that have been determined to be involved in 
closure of the choroidal fissure is PAX2; a similar association has been observed in Pax2-
/- mice (Sanyanusin, et al., 1995, Torres, et al., 1996). Another phenotype that 
characterizes Pax2-/- mice is the presence of RPE cells within the optic nerve (Torres, et 
al., 1996). Although the optic nerve does not develop normally in Sox2HYP mice, RPE 
cells are common in the region where the optic nerve would normally exist, i.e., where 
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the optic stalk was situated (unpublished observations). These parallels and the fact that 
Pax2 expression is strongly downregulated in the ventral retina of Sox2HYP embryos 
suggest that the colobomata that are observed in Sox2HYP embryos results from a lack of 
Pax2 expression in this region. The possibility should be considered that the cells that 
normally express Pax2 undergo cell death, preventing the normal proximity of the two 
edges of the choroidal fissure. However, at E10.5, there is a normal number of cells in the 
Sox2HYP retina, and the expression domains of other ventral markers are unaffected. These 
results suggest a downregulation of Pax2 in the ventral retina and not a loss of this cell 
population. A subsequent loss of ventral retina cells should certainly be considered given 
that optic fissure fusion is not complete until E13.5 in mouse; such analysis would best be 
accomplished with transverse sections of the eye, which would allow for the 
simultaneous visualization of both halves of the early ventral retina. A direct test of the 
hypothesis that Pax2 downregulation mediates the development of colobomata in Sox2HYP 
embryos would require an upregulation of Pax2 in the ventral retina/optic stalk in a 
Sox2HYP background. This could be achieved via the transgenic introduction of a 
tamoxifen-inducible Pax2 allele under the control of a ubiquitous promoter, as has been 
done for Sox2 itself (Lu et al., 2010). 
4.6 Similarities Between the Retinas of Microphthalmic Sox2HYP Embryos and 
Those of Humans with SOX2 Haploinsufficiency 
 
The observed thinning of the neural retina in both E13.5 and E16.5 Sox2HYP 
embryos provides important support for the use of this mouse line as an appropriate 
model with which to study SOX2 haploinsufficiency. The only study to examine the 
retinal morphology of a human with this genetic disorder showed a thinned inferior retina, 
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consistent with the findings of this thesis (Wang, 2008). Although this single human 
study could not establish that the thinning was congenital, the similarity between this 
observation and those of this thesis research suggests that Sox2 deficiency affects retinal 
development similarly in humans and mice. 
4.7 Expansion of the Ciliary Margin and the Genesis of Microphthalmia 
 
The finding that the expression domain of ciliary margin markers is expanded in 
the Sox2HYP retina was not unexpected given that the conditional ablation of Sox2 at 
E10.0 was previously demonstrated to have similar effects (Matsushima, et al., 2010). 
However, the present results indicate that the fate switch from neural retina to ciliary 
margin is not compensated for when Sox2 levels are constitutively reduced. It can, 
therefore, be suggested with more confidence that this fate switch also occurs in humans 
with SOX2 haploinsufficiency, in whom SOX2 levels are presumably reduced from 
fertilization onward. It is reasonable to suggest that a reduced neural competency of the 
retina is causative of the microphthalmia that is observed in both Sox2HYP mice and 
humans with SOX2 haploinsufficiency. To prove that loss of Sox2’s ability to preserve 
the neurogenic capacity of retinal progenitors causes microphthalmia in Sox2HYP mice, it 
would be necessary to specifically rescue this single Sox2 function. Such an experiment 
would technically (and prohibitively) require the knowledge and mechanistic 
underpinnings of all Sox2 functions. However, Sox2’s known regulation of Notch1, 
another established factor in the maintenance of the neural progenitor population, may 
permit an analysis of this particular pathway in the pathogenesis of Sox2 deficiency-
related microphthalmia. Specifically, Notch1 could be inducibly activated in Sox2HYP 
embryos (Yang et al., 2004). Similarly, Notch1 could be ablated from the retina in a WT 
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background. Notably, studies that have decreased Notch signaling indirectly (e.g., via the 
deletion of an upstream regulator) have found retinal abnormalities but not decreased eye 
size (Georgi and Reh, 2010; Jo et al., 2012). More study into the proximal cause of 
microphthalmia in Sox2HYP mice is certainly warranted, especially as regards the 
downstream factors that mediate Sox2’s maintenance of the neural progenitor population. 
4.8 The Fate of Retinal Progenitor Cells in Anophthalmic Sox2HYP Mice 
 
As regards anophthalmia, it should be noted that Sox2HYP embryos nearly always 
exhibit an OC at E10.5, with a distinguishable neural retina, RPE, and invaginating lens 
progenitors. In the most severely affected embryos, all of these tissues are absent by 
E15.5, with the exception of a small locus of pigmented cells that is enclosed by a ring of 
similar pigmented cells (Fig. 4.1A and B). What is the fate of the retinal and lens 
progenitors in these embryos? Three possibilities should be considered.  
1) First, severely affected Sox2HYP embryos may develop more dramatically 
misoriented/misplaced OCs, which may result in conditions that are unfavorable for the 
survival of retinal progenitors, e.g., exatraocular mesenchyme invading into the OC. 
However, there is fairly strong evidence against this hypothesis. Based on the analysis of 
a mouse model in which the optic stalk completely degenerates and the neural retina is 
surrounded by mesenchyme by E12.5, proper placement of the OC does not appear to be 
required for the survival of retinal progenitors or the lens (Bassett et al., 2010).  
2) A second possible reason for the complete loss of retinal progenitor cells in 
anophthalmic Sox2HYP embryos is that normal Sox2 levels are required for cellular 
survival, independent of external factors. Given that Sox2 is required for cell survival in 
the optic stalk, early Sox2HYP retinal progenitor cells may also be prone to apoptosis. 
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Although Sox2HYP OCs were not observed to exhibit increased apoptosis at E10.5, cell 
death analyses at subsequent stages are warranted.   
3) A third possible fate of retinal progenitors in anophthalmic Sox2HYP embryos is 
their differentiation into RPE cells. As described in the Introduction, presumptive retinal 
progenitors must receive external signals and be intrinsically competent to achieve neural 
potential. It was recently demonstrated that the downregulation of SOXB1 factors is 
required for RPE specification, suggesting that SOX factors may repress RPE 
specification in the presumptive neural retina (Ishii, et al., 2009). As Sox2 is the only 
SOXB1 factor that is expressed in the OV/OC in mouse, a significant decrease in its 
dosage could occasionally result in the complete conversion of presumptive retinal 
progenitors into RPE (Collignon, et al., 1996; Kamachi, et al., 1998). It is known that the 
ablation of Sox2 at E10.0-E10.5 results in a conversion of retinal progenitors to ciliary 
epithelium, not RPE. Thus, a test of whether retinal progenitors may differentiate into 
RPE cells in Sox2HYP embryos would require conditional Sox2 ablation at earlier, OV 
stages, preferably with a ventral forebrain-specific Cre, such as HesX1-Cre (Andoniadou 
et al., 2007; Matsushima et al., 2011).  
4.9 The Fate of Lens Cells in Anophthalmic Sox2HYP Mice 
 
Mice in which Sox2 is ablated from the surface ectoderm at pre-placodal stages 
generally exhibit arrested lens development at approximately E10.0, indicating that a 
certain level of Sox2 expression in this tissue is required for lens formation (Smith, et al., 
2009). It is considered plausible that severely affected Sox2HYP mice form no lens at all. 
Although no E10.5 Sox2HYP embryos that exhibited arrested lens development were 
observed, most of the analyses at these stages were performed on mice that were on a 
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mixed CD-1;C57BL/6 background and which exhibited less severe phenotypes than did 
pure C57BL/6 Sox2HYP embryos. A more complete analysis of lens development in pure 
C57BL/6 Sox2HYP mice would therefore be necessary to determine whether Sox2 
hypomorphism can result in lens agenesis. 
4.10 The Effects of Sox2 Deficiency on Secondary Palatal Development 
 
Perhaps the most unexpected result of this thesis work was that Sox2HYP mice 
develop a cleft secondary palate at a high penetrance. Cleft palate has been reported only 
rarely among SOX2 haploinsufficient humans (Male, et al., 2002). Importantly, however, 
SOX2 haploinsufficiency results in extremely variable phenotypes, even among 
individuals who carry identical mutations or in monozygotic twin pairs (Zenteno, et al., 
2006, Zhou, 2008). It is considered likely that SOX2 mutation carriers may develop cleft 
palate in the absence of few or any of the ocular or neural phenotypes that are classically 
associated with SOX2 haploinsufficiency. Such individuals would not be selected for 
inclusion into either the patient or control groups in studies of human SOX2 mutations 
and would, therefore, remain unidentified as mutation carriers. SOX2 mutations may, 
indeed, be responsible for certain cases of cleft palate, particularly those that are observed 
in combination with midline CNS or ocular defects. 
Of interest, CHD7, a protein that is encoded by the gene that is most commonly 
reported to be mutated in the CHARGE association, was recently reported to physically 
interact with SOX2. Both CHD7 and SOX2 participate in the transcriptional regulation of 
a large number of genes that are critical for neural and facial development (Engelen, et 
al., 2011). Moreover, CHARGE and SOX2 haploinsufficiency overlap in a number of 
their characteristic phenotypes, including facial abnormalities, hormone deficiencies, and 
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esophageal defects (Engelen et al., 2011; Kelberman et al., 2006; Zentner et al., 2010). It 
is therefore reasonable to suspect that Sox2 and CHD7 interact in regulating palatal 
development; however, this hypothesis remains untested. 
 
One of the most intriguing aspects of the palatal phenotype that is observed in 
Sox2HYP mice is that all affected embryos exhibit asymmetric defects. Asymmetries are 
commonly reported among humans with SOX2 haploinsufficiency, although the reason 
for this is unknown. One possibility is that the effects of small, random variations in Sox2 
levels on different sides of the embryo may be amplified over the course of development 
due to strict dosage requirements for certain events or processes. This effect, however, 
cannot explain why only asymmetric phenotypes would be observed, i.e., why delayed or 
failed elevation is not observed in both palatal shelves in Sox2HYP embryos. Complicating 
the matter further is that there does not appear to be a preferred laterality to this 
asymmetry. At present, the simplest explanation for why only unilateral elevation defects 
were observed in Sox2HYP mice is that the number of samples for which the unilaterality 
of the defect was histologically confirmed was too small, being only 11. If further 
analysis were to confirm this trend, a different hypothesis would have to be formed. For 
example, as noted in Chapter 3, the placement of the tongue must be permissive for 
palatal elevation. However, aside from micrognathia, other tongue-related abnormalities 
have been associated with palatal clefting, e.g., the absence of neural activity-driven 
tongue movements. For example, the deletion of the glutamate decarboxylase 1 
(Gad1/Gad67) gene, which encodes an enzyme that synthesizes the neurotransmitter 
gamma-aminobutyric acid (GABA), results in 100% palatal clefting (Asada et al., 1997). 
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The combination of ultrasound imaging of E14 Gad67-/- fetuses revealed a significant 
reduction in the number of head and tongue movements (Tsunekawa et al., 2005). 
Moreover, the surgical removal of the tips of the tongue of E13.5–E15.5 Gad67-/- 
embryos/fetus resulted in rapid shelf elevation, which, importantly, was occasionally 
unilateral (Iseki et al., 2007). Evidence for the role of neural activity in shelf elevation 
was revealed by Oh, et al., who demonstrated that the specific deletion Gad67 from 
neural progenitors also resulted in cleft palate (2010). Notably, Sox2βGeo/ΔENH mice, which 
carry one Sox2 null allele (βGeo) and another allele from which a telencephalic enhancer 
is deleted, exhibit a deficiency of cortical GABAergic interneurons at birth (Cavallaro et 
al., 2008). Taken together, these findings suggest that impaired GABAergic activity in 
the developing Sox2HYP brain may slightly disrupt early tongue movements, resulting in 
impaired shelf elevation that would not necessarily be fully penetrant, manifest 
bilaterally, or exhibit any lateral bias. Addressing the hypothesis of a neural origin for 
this phenotype would require the ablation of Sox2 from all GABAergic interneurons, 
which could be achieved using a Gad67-Cre (Wu et al., 2011). 
4.11 Conclusion 
 
In conclusion, both of the stated hypotheses of this thesis were conclusively 
proven. Sox2HYP embryos were shown to have defects within both the optic and 
hypothalamic anlages that are consistent with those observed in humans with SOX2 
haploinsufficiency. Furthermore, Sox2HYP embryos were observed to develop a cleft 
secondary palate, a phenotype that may warrant this phenotypes addition to the list of 
defects that characterize SOX2 haploinsufficiency. Molecular analyses of Sox2HYP 
embryos revealed (i) a link between the only two genes that are reported to cause HH in 
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humans when mutated and (ii) that the OC exhibits patterning defects that are both 
consistent with known functions of Sox2 and which provide novel mechanistic insights 
into the development of colobomata, microphthalmia, and HH. With the great deal of 
attention that is now being directed towards the numerous functions of Sox2, it is likely 
that many of the questions that are raised by this thesis research will be addressed and 
answered in the coming years.  
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Figure 4.1 
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Figure 4.1. Sox2+/+ and Sox2HYP optic regions at E15.5. A) A horizontal section 
through the center of an E15.5 Sox2+/+ eye, with the lens (L) surrounded by the retina. 
The retina itself is surrounded by a single cell layer of retinal pigmented epithelium 
(RPE) (black). B) The optic region of an anophthalmic Sox2HYP embryo (twice the 
magnification as in A. The remnants of the eye consist of a ring of RPE, a second inner 
ring of pigmented cells, and a central population of unpigmented cells, which are likely 
the remnants of the retinal progenitor population. 
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